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POWER  SUPPLY  TECHNOLOGY  EOR  ADVANCED  WEAPON  SYSTEMS 


I.  INTRODUCTION 

1.  Subject.  Advanced  weapon  systems  under  study  by  DOI)  require  large  energy 
inputs.  Certain  classes  of  these  devices  require  electrical  energy  at  high  voltage  and/or 
high  current.  These  requirements  vary  from  high,  continuous  power  to  high-repetition- 
rate  pulse  generation.  It  is  apparent  that  no  single  type  source  can  satisfy  all  these  re¬ 
quirements;  however,  a  number  of  existing  and  developing  technologies  appear  to  offer 
practical  solutions  to  the  problem  of  supplying  these  needs.  This  report  summarizes 
the  status  of  the  most  promising  methods  of  power  production  to  support  advanced 
weapon  systems. 

2.  Background.  The  basic  types  of  power  source  considered  here  are  magneto- 
hydrodynamic  (Mill))  generators,  diesel-  or  turbine-driven  rotating  machinery,  both 
normal  and  superconducting,  and  fuel  cells.  Methods  of  producing  low-repelilion-ratc, 
high-power  pulses  from  moderate-level  sources  are  considered  separately.  The  support¬ 
ing  technologies  of  refrigeration  and  su[>crcondueting  materials  are  seen  as  overlapping 
a  variety  of  systems  and  are  therefore  covered  in  detail.  Briefly,  the  fundamentals  of 
the  referenced  technologies  are  as  follows. 


Mill)  describes  the  behavior  of  electrically  conducting  fluids  in  the  presence 
of  electric  and  magnetic  fields.  In  the  present  sense,  it  will  be  limited  to  the  production 
of  electric  power  through  this  means.  The  MUD  generator  is  based  on  the  Faraday  effect: 
an  induced  electric  field  is  produced  in  a  conductor  moving  in  a  magnetic  field.  In  the 
MUD  generator,  the  moving  conductor  is  an  ionized  fluid,  frequently  a  gas  which  has 
been  heated  by  chemical  or  nuclear  fuel,  which  flows  through  the  generator  channel. 

The  simplest  geometry,  and  the  one  we  will  use  as  ati  example,  is  the  linear  MIID  chan¬ 
nel.  In  this  configuration,  the  fluid  flows  through  a  linear  duct  with  a  magnetic  field 
at  right  angles  to  the  flow  velocity  (Fig.  I).  This  induces  a  Faraday  field  normal  to  both 
the  magnetic  field  and  the  flow  velocity ; electrodes  located  on  the  sides  of  the  channel 
and  connected  to  a  load  allow  a  current  to  flow  through  the  fluid,  electrodes,  and  load. 
Other  configurations  are  possible,  along  with  variations  on  the  linear  scheme,  but  the 
principles  are  the  same.  The  basic  requirement  is  a  component  of  the  fluid  velocity 
normal  to  the  magnetic  field  so  that  ayxlt  field  will  be  established.  Interaction  be¬ 
tween  this  electric  field  and  the  charged  particles  (ions)  in  the  fluid  provides  the  driving 
force  for  currents  in  the  plane  normal  to  the  magnetic  field.  Energy  is  extracted  directly 
as  electrical  energy  through  the  electrodes  at  the  channel  walls.  This  type  of  conversion 
eliminates  the  prime  mover  needed  to  drive  the  windings  in  conventional  rotating  ma¬ 
chinery  and  is  therefore  referred  to  as  a  direct-conversion  process. 


Fig.  1.  Linear  Mill)  channel. 


Rotating  machinery  represents  the  most  common  type  of  energy -conversion 
device  presently  in  use.  Like  the  MHD  generator,  it  is  based  on  the  Faraday  effect;  in 
this  case,  the  electric  field  which  drives  the  load  circuit  is  produced  by  the  relative 
motion  between  the  armature  windings  and  the  magnetic  flux  produced  by  field  wind¬ 
ings  or  a  permanent  magnet.  A  prime  mover,  e.g.,  a  diesel  or  turbine  engine,  is  required 
to  drive  the  rotating  member.  A  simple  example  (Fig.  2)  is  the  dc  homopolar  generator, 
or  Faraday  disc.  Magnetic  flux,  generated  by  the  solenoidal  windings,  passes  through 
the  metal  disc.  Rotation  of  the  disc  produces  a  Faraday  electric  field  radially  in  the 
plane  of  the  disc;  contacts  at  the  axis  and  circumference  collect  current  which  flows 
through  the  external  circuit. 


Fig.  2.  Homopolar  generator. 
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Fig.  .'S.  1 1\ «li *11*11  fuel  n  il. 

The  fuel  cell  is  another  example  of  direct  conversion  in  which  the  energy  of 
chemical  fuel  is  converted  directly  to  electrical  energy  without  an  intermediate  step. 

In  operation,  fuel  and  oxidizer  are  supplied  to  the  electrodes  in  contact  with  a  suitable- 
electrolyte.  If  the  electrodes  possess  sufficient  electrochemical  activity,  electrode  po¬ 
tentials  are  established.  The  fuel  and  oxidizer  electrodes  become,  respectively,  the 
negative  and  positive  electrodes  of  the  cell;  if  the  electrodes  are  connected  through  an 
external  load  circuit,  electrons  freed  at  the  fuel  electrode  flow  through  the  circuit  to 
the  positive  electrode.  As  an  example,  let  us  consider  the  hydrogen-oxygen  fuel  cell. 
As  illustrated  in  Fig.  3.  platinum  electrodes  arc  immersed  in  an  acid  electrolyte,  e.g.. 

H 2 S04 ,  and  supplied  with  hydrogen  mi  oxygen.  The  reactant  gases  are  separated  by 
a  permeable  membrane.  At  the  negative  electrode  surface,  each  hydrogen  molecule 
dissociates  into  two  atoms  by  catalytic  action  of  the  electrode  surface.  These  go  into 
solution  as  ions  leaving  two  electrons  at  the  electrode  to  pass  through  the  external  cir¬ 
cuit.  At  the  positive  electrode,  oxygen  reacts  with  hydrogen  ions  in  the  electrolyte 
picking  up  two  electrons  from  the  electrode  to  give  water.  The  cmf  is  in  the  range  O.U 
to  1.2  V.  Many  combinations  of  fuel,  oxidizer,  and  electrolyte  are  possible,  but.  in 
general,  the  end  is  of  the  order  of  I  V  so  that  usually  it  is  necessary  to  connect  a  num- 
lier  of  cells  in  series. 

For  this  study ,  systen  power  requirements  arc  taken  to  be  0.5  to  25  mega¬ 
watts  (MW)  for  continuous  applications  and  the  same  range-  of  average-  power  when  ele-- 
signe-el  ,e»r  pulse-  systems,  l  eer  the-  pulse--pe»we-r  re-epiire-me-nt.  pulse-  wielths  are  lake-n  to 

:$ 


be  10' 3  sec  or  less,  with  an  energy  of  103  j /pulse  or  higher.  The  repetition  rate  is  eon 
sidered  to  be  on  the  order  of  10’s  to  100’s/see.  The  energy  is  to  be  delivered  at  high 
voltage  ( 1 0  to  300  k  V ). 

For  the  continuous-power  requirements,  current  designs  and  estimates  indi¬ 
cate  that  below  about  0.5  megavolt  ampere  (MV A)  conventional  alternators  have  specif¬ 
ic  weights  below  those  of  superconducting  machines.  From  0.5  to  I  MV  A,  supercon¬ 
ducting  machines  (excluding  refrigeration)  licgin  to  become  competitive;  while  above 
1  MVA  they  have  a  definite  advantage  in  sjiecific  weight.  Although  the  weights  of 
superconducting  alternators  can  be  estimated  with  moderate  accuracy,  the  weight  esti¬ 
mates  of  helium  refrigerators  are  not  as  firmly  established.  A  recent  survey  indicates 
that  operating  refrigerators  (with  loads  at  ulmiil  4K)  have  a  specific  mass  on  the  order 

Iter 

of  100  — -  but  with  considerable  scatter  in  the  data.  The  refrigeration  weight  can  be  re- 
w 

duced  at  the  site  of  the  generator  by  the  use  of  tanked  <  ryogens,  and  this  may  be  de¬ 
sirable  for  specific  types  of  devices  or  types  of  mission;  however  certain  trade-offs  must 
be  made.  Including  inti  grated  refrigeration,  the  superconducting  machines  as  packages 
do  not  appear  to  offer  specific  weight  advantages  over  conventional  machines  below 
about  5  MVA. 

Mill)  devices  are  still  under  development,  possibly  to  an  even  greater  extent 
than  superconducting  machines;  however,  projections  indicate  specific  weights  compa¬ 
rable  to  superconducting  devices  at  high  (10  MW)  ratings.  Considerable  research  has 
been  and  is  being  done  on  Mill),  particularly  by  the  Air  Force;  the  results  indicate  that 
for  high  ratings  or  some  pulse  applications  MUD  should  receive  consideration. 

Although  fuel  cells  offer  power  densities  or  specific  weights  in  the  same  range 
as  siqierconducting  machines  and  are  quieter,  they  tend  to  be  limited  in  voltage  output; 
thus,  for  the  projected  applications  mentioned  above,  they  are  generally  unsuitable  with¬ 
out  the  addition  of  a  significant  weight  in  power-conditioning  equipment. 

Taking  a  specific  system  requirement,  we  may  make  a  comparison  between 
units  utilizing  each  of  the  referenced  technologies.  The  assumed  requirement  is  a  10- 
MW,  400-llz  continuous  power  supply.  At  this  level,  0.6  Ib/kV  A  is  considered  achiev¬ 
able  in  conventional  rotating  machines  so  th.il  the  generator  would  have  a  weight  of 
about  6000  lb.  A  superconducting  generator  is  expected  to  have  a  s|>ccific  weight  of 
0.2  Ib/kVA  which  yields  a  weight  of  2000  lb.  In  both  cases,  the  weight  of  the  prime 
mover  must  be  added.  In  this  range,  gas  turbines  offer  size-weight  advantages  over 
diesel  power  plants.  To  allow  for  generator  efficiency  and  deratings  imposed  on  mili¬ 
tary  equipment  by  high  altitude/ainbient  temperature  requirements,  an  engine  rated 
about  20,000  lip  at  standard  conditions  would  lx1  required,  based  on  aircraft  practices, 
it  is  tN-lieved  that  an  engine  of  this  rating  would  be  built  with  a  weight  of  approximately 
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5000  lb,  although  such  may  not  actually  exist  today.  To  this  must  be  added  the  neces¬ 
sary  refrigeration  in  the  cast;  of  the  superconducting  machine.  Westinghouse  supercon¬ 
ducting  machine  experience  indicates  a  total  heat  load  of  25  W  for  a  15  MY  A  machine. 
Taking  16  W  for  the  case  under  consideration  and  using  the  refrigeration  specific  weight 
estimate  quoted  above  yields  3250  lb  for  the  refrigeration  system.  In  addition,  the 
refrigerator  will  consume  power  at  about  1000  W  per  W  of  refrigeration,  representing  a 
drain  of  0.16%  on  the  system.  The  gas  turbine  will  consume  fuel  at  about  .5  lb/hp-hr; 
for  an  assumed  running  time  of  24  hours,  240,000  lb  must  be  added  for  both  systems. 

By  contrast,  an  MHD  system  at  the  10  MV  A  level  is  projected  to  have  a  spe¬ 
cific  weight  of  0.3  to  0.45  Ib/kW  (based  on  the  assumption  of  combustion- type  MHD) 
and  includes  a  superconducting  magnet,  channel,  burner,  and  dc  to  dc  converter.  The 
weight  of  refrigeration  must  be  added  although,  as  before,  local  weight  could  be  reduced 
by  cryogen  tankage  for  certain  applications.  A  conservative  estimate  of  the  heat  leak 
for  a  magnet  of  this  size  is  2  W,  so  a  refrigerator  would  add  about  400  lb.  If  the  Mill) 
generator  is  of  the  dc  type,  an  inverter  will  be  required  to  satisfy  our  requirement  for 
400- Hz  power.  An  inverter  capable  of  handling  10  MW  adds  about  10,000  lb  to  the 
system  weight  (using  a  projection  of  1  Ib/kVA,  a  factor  of  ~  6  down  from  present 
hardware).  Fuel  consumption  is  —  6  Ib/kWh,  so  fuel  for  24  hours  of  operation  adds 
1.4xl06  lb. 

If  we  base  estimates  of  fuel  cell  systems  on  a  requirement  for  using  logistical- 
ly  available  fuels  and  extrapolate  from  current  development,  specific  mass  of  fuel  cell 
systems  will  be  about  100  Ib/kW.  A  10-MVA  system  would  weigh  about  1,000,000  lb 
which  is  not  competitive  for  this  application  even  without  considering  the  extra  weight 
of  power  conditioners.  If  we  allow  operation  from  hydrogen  and  oxygen  rather  than 
from  hydrocarbon  fuels,  the  specific  weight  becomes  more  favorable.  A  development 
program  underway  has  0.5  Ib/kW  as  its  goal;  using  this  figure,  we  get  ~  5000  lb  for  the 
modide  plus  ~  10,000  lb  for  the  power  conditioner.  Reactant  consumption  is  ~  0.44 
Ib/kWh  so  that  105.6(H)  lb  of  fuel  would  be  necessary.  The  weight  of  equipment  for 
production  of  hydrogen  and  oxygen  is  not  included  here,  nor  is  the  efficiency  of  a 
process  to  convert  hydrocarbon  fuels. 

For  the  example  a  sunicd  above,  the  weight  of  consumables  dominates  the 
fixed  weight  of  the  system  by  a  large  margin,  as  expected  for  a  system  supplying  con¬ 
tinuous  power.  If  we  now  consider  a  requirement  for  bursts  of  “continuous”  power 
separated  by  periods  of  no  demand,  the  situation  changes,  bet  us  take  the  requirement 
to  be  10  MW  at  100  kV  dc  for  2  minutes  occurring  at  some  unspecified  time  during  a 
no-load  period  of  several  hours;  rapid  startup  is  required.  A  conventional  generator  for 
this  application  will  have  to  be  sized  for  approximately  the  full-load  output;  therefore, 
its  size  will  be  about  the  same  as  in  the  previous  east1  (down  by  perhaps  a  factor  of  2). 

A  superconducting  machine  has  more  favorable  overload  characteristics  due  to  its  low 


internal  impedance;  it  is  estimated  that  lor  limes  of  ~  I  to  2  min,  given  adequate  t  ool 
ing;,  tin*  superconducting  maehine  eould  he  overloaded  by  altoul  a  factor  of  5.  This 
would  make  itself  felt  in  fixed  weight;  lilt*  conventional  maehine  would  weigh  ~  3000 
lit  while  tin*  superconducting  maehine  would  weigh  ~  500  lit.  Refrigeration  required 
during  the  full-load  |tcriod  eould,  to  a  certain  extent,  he  averaged  over  the  no-load  (tcriod 
so  as  to  tiling  the  average  load  down.  Taking  ~  4  W  as  an  average  adds  about  800  lit  for 
the  refrigerator.  To  obtain  the  high-voltage  de  required,  it  will  he  necessary  to  transform 
and  rectify  the  output  of  these  alternators.  A  short-duty  transformer  adds  about  2000 
lb,  while  (Ih-  rectifier  adds  about  600  lb  at  the  10  MW  level.  The  totals  arc  10,600  lit  for 
the  conventional  maehine  and  8000  lb  for  the  superconducting  maehine,  including 
5000  lb  for  the  prime  mover.  Fuel  is  a  negligible  contribution  if  rapid  start-up  and 
short  idle  time  arc  assumed.  The  fuel-cell  system  would  have  approximately  the  saint' 
weight  as  in  the  previous  east'  if  we  allow  operation  from  hydrogen  anti  oxygen.  A 
power  conditioner  having  a  weight  tif  around  3200  lb  must  be  included.  The  combina¬ 
tion  is  ~  8200  lb,  not  counting  fuel  (negligible)  or  the  process  of  converting  from  hydro¬ 
carbon  fuel  to  ll2  anti  ()2.  An  Mill)  system  would  offer  rapid  start-up  (assuming  the 
magnet  is  energized)  anti  no  fuel  consumption  on  standby.  The  channel,  combustors, 
magnet,  anti  refrigeration  would  weigh  ~  4000  ll>.  The  power  conditioner  converter 
adds  ~  3200  lb  for  a  total  of  8100  lb. 

Table  I  contains  a  tabulation  summarizing  estimated  weights  ami  fuel  re- 
quvri-mt'nV?  (of  t(e-  assumed  extmqvVs.  (nefuded  m  (fds  fvpwrt  Me  son.mMU's  (of  Uvr 
various  technologies  considered  applicable  for  high  power/energics  anticipated  for  ad¬ 
vanced  weapon  systems.  These  summaries  present  more  detailed  information  concern¬ 
ing  background,  current  state  of  the  art.  anti  projected  advancements  for  superconduct¬ 
ing  machinery,  superconductors.  Mill),  fuel  cells,  helium  refrigeration,  and  pulse  power 
production.  They  also  include  a  section  on  current  state-of-the-art  for  turbine  generator 
sets  (400  Hz). 


II.  SUPERCONDUCTING  GENERATORS 

3.  Current  Technology.  The  technology  of  constructing  electrical  machines  of 
significantly  increased  power  density  by  employing  superconducting  elements  is  in  its 
vnCmey,  The  atwoww vmeut  by  o'wacvlm  «  Well  idflttNlMtfe*  iu  I  (I6(  (bat  the 
intermetallie  compound  Nh3Sn  (niobium-tin)  was  observed  to  carry  a  current  density 
greater  than  100,000  A/cm2  in  a  magnetic  field  of  8.8  Tesla  T)  (88  kilogauss)  was  the 
first  real  indication  that  the  phenomenon  of  superconductivity  *  <\dd  lie  applied  to 
practical  electric  power  devices.  Discussion  of  the  ensuing  develo,  mental  efforts  will 
separately  consider  ae  and  d«  machines  and  will  indicate  possible  applications  for  each. 

a.  AC  Superconducting  Machines.  There  have  been  six  significant  efforts 
aimed  at  building  ae  machines  iu  the  United  States  -  all  contributing  to  our  current 
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Table  I.  System  Weight  amt  Fuel  Consumption  Summary 


Continuous  Operation 

Turbine 

-Generator 

Parameter 

Conventional 

(lb) 

Su|M-rcondueting 

(lb) 

Mill) 

(lb) 

Fuel  Cells 
(lb) 

Generator 

6,000 

2, (KM) 

4,500 

5,000 

F.nginc 

5,000 

5,000 

- 

- 

Power  Conditioner 

- 

- 

10,000 

10,000 

Refrigeration 

- 

5,250 

400 

- 

Total 

1 1 ,000 

10,250 

14,900 

15,000 

Specific  Find 
Consumption 

,5/hph 

,5/hph 

6/kWh 

.  44/kWh 

Total  Fuel  for 

24  Hours 

240.000 

24(>.(H)0 

1 ,400,000 

105, 6(H) 

Intermittent  Operation 

Generator 

4,000 

500 

4,500 

5,000 

Knginc 

5,000 

5,000 

- 

- 

Power  Conditioner 

2.600 

2.6(H) 

4,200 

5.200 

Refrigeration 

- 

MOO 

400 

- 

Total 

1 0,600 

8,900 

8,100 

8,200 

{cehnolugical  liasc.  An  early  effort  was  undertaken  by  Dynateeb  Corporation  under 
the  sponsorship  of  the  Aeropropulsion  Laboratory,  WPAFIl.  In  a  series  of  contracts, 
Dynateeh  performed  a  feasibility  study,  speeifie  problem  area  R&I),  and  the  design, 
eonstrnetion,  test,  and  evaluation  of  a  50-kW,  laboratory -model  superconducting  gener¬ 
ator.  Overall  emphasis  was  direeted  toward  determining  the  feasibility  of  a  1000-kV  \ 
power  supply  for  spaee  applications.  Tin;  test  machine  specifications  demanded  a 
24,000  rpm,  2-pole,  400-eyele  machine  having  a  rotating,  superconducting  field  coil 
and  a  5-phase  superconducting  armature.  Mechanical  problems  associated  with  high¬ 
speed  operation  and  resulting  electrical  contact  difficulties  proved  too  severe  for  de¬ 
finitive  test  results  to  he  obtained  on  the  machine.  The  machine  was  operated  at  7500 
rpm  at  extracted  powers  less  than  I  kW .  Total  Air  Force  funding  on  this  project  over 
the  1965-67  lime  frame  covered  by  these  eontracts  was  $591  k. 


Though  the  results  of  this  effort  were  not  all  that  was  anticipated,  the 
considerable  heat-transfer  analysis  and  the  demonstration  of  the  feasibility  of  operating 
a  superconducting  winding  in  a  rotating,  vacuum-insulated  vessel  were  significant  eon- 
tiibiitions  from  this  program. 

A  second  early  effort  was  initiated  at  MKRDC  (EKDL)  in  1963  with 
Avco  Everett  Research  Laboratories  as  the  prime  contractor.  This  effort  concentrated 
on  electrical  design  analysis  and  resulted  in  the  construction  of  an  8-kW  test  machine. 
The  machine  employed  a  stationary,  central  superconducting  field  coil  and  an  annular 
amLicnl  tcmjierature  armature;  this  configuration  minimizes  cryogenic  cooling  system 
problems.  Tin;  4-pole  device  had  a  3-phase  air  core  armature  rotating  at  12,000  rpm, 
delivering  the  8  kW  at  400  Hz  via  a  set  of  slip  rings  and  brushes.  This  was  the  first 
successful  demonstration  of  a  superconducting  machine  of  significant  power  rating. 

Later  (1969-70),  an  iron-core  armature  was  designed,  built,  and  tested;  it  delivered  in 
excess  of  16  k\V  from  an  identical  armature  envelope.  The  results  of  the  effort  verified 
the  design  equations  for  iron-free  ami  iron-core  machines,  demonstrated  that  tin  elec¬ 
tromagnetic  torques  experienced  by  the  field  coil  would  not  result  in  the  loss  of  super¬ 
conducting  properties  as  some  early  investigators  feared,  and  lucidly  demonstrated  the 
thermal  advantages  (as  well  as  electromagnetic  improvement  when  magnetic  saturation 
is  avoided)  of  using  a  ferromagnetic  stator  core  with  teeth.  Total  Army  funding  on  the 
contractual  part  of  this  effort  was  $80k. 

Another  Army  sponsored  effort  was  conducted  by  Avco  for  AAVLARS- 
Fort  Lust  is  (AVCO-Enstis)  in  1967-68.  This  resulted  in  a  2-pole,  12,000-rpm,  15-lq 
design-rated  lest  rig  having  a  rotating,  superconducting  field  winding  and  a  3-phase  arm¬ 
ature  which  could  be  either  superconducting  or  cryogenieally  cooled.  The  object  of 
this  effort  was  to  provide  a  demonstration  of  the  feasibility  of  a  rotating,  cryogenic  field 
coil  system  ami  to  determine  experimentally  the  losses  in  superconducting  windings  due 
to  alternating  currents  and  to  rotating  magnetic  fields.  This  lest  rig  suffered  a  seized 
hearing  in  early  testing  and  the  resultant  mechanical  damage  limited  the  rotor  to  speeds 
less  than  3000  rpm.  The  primary  results  of  this  effort  were  the  clear  demonstration  of 
high  swept-field  losses  in  unshic'  Sod  superconducting  stator  windings  and  a  good  tran¬ 
sient  response  analysis  based  on  application  and  removal  of  a  short  circuit  or  of  a  resis¬ 
tive  load.  This  test  rig  is  now  at  MKRDC  where  the  rotor  is  being  assessed  for  possible 
utilization  in  a  demonstration  device  employing  a  conventional  stator. 

More  recently,  investigators  at  MIT  have  been  pursuing  the  demonstration 
of  the  feasibility  of  superconducting  alternators  for  power  station  applications  under  the 
ausfiwv*  jifthc  Fdixwi  ElntnV  Institute  Tln'ir  Eirvi  d(tinn;i«lr*ttrin  nSrviiv  •  w'rti>«l 
shaft,  rotating  field  coil  machine  in  which  mechanical  design  of  the  rotor  and  a  rotating 
liquid  helium  transfer  coupling  were  the  predominant  features.  The  2-pole,  3600-rpm, 
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3-phase  machine  was  rated  at  45  kVA  on  the  basis  of  open-circuit  voltage  and  short- 
circuit  current  tests. 

A  follow-up  effort  has  resulted  in  the  design  and  construction  of  a 
2000  to  3000  kVA  machine  operating  at  3600  rpm,  60  Hz.  This  machine  is  iron-free 
in  the  rotor  and  stator  windings  and  employs  either  an  aluminum  eddy  current  shield 
(2000  kVA)  or  an  iron  shield  (3000  kVA)  to  reduce  stray  magnetic  fields  outside  the 
machine  envelope.  Construction  is  complete,  but  no  tests  have  yet  been  reported  on 
this  device. 


Westinghouse  Electric  Corporation  has  two  superconducting  .Iternators 
under  development  —  one  under  Westinghouse  internal  funding  and  one  as  an  Air  Force 
sponsored  development.  The  Westinghouse-Air  Force  (WAF)  machine  is  to  be  a  4-pole, 

3  phase,  400-Hz  device  producing  5000  volts  linc-to-line  and  rated  at  1000  kVA  continu¬ 
ous  with  a  10-second  overrating  of  5000  kVA.  This  machine  has  been  designed,  and  a 
test  rotor  is  in  the  construction  phase;.  This  rotor  is  subject  to  more  severe  require¬ 
ments  than  those*  of  the  commercial  power  frequency  machines  because  of  its  12,000 
rpm  rated  speed. 

The  Westinghouse  internal  (WKC)  machine  program  was  intended  to 
show  the  feasibility  of  developing  superconducting  generators  for  central  station  use 
and  to  identify  technical  problems  not  initially  apparent  in  tin*  design  and  operation  of 
a  substantially  rated  machine.  The  machine  is  a  2-pole,  3600-rpm,  3-phase  device  having 
a  5000  kVA  rating  and  operating  at  4160  V.  The  machine  rating  was  verified  experi¬ 
mentally  by  open-circuit  voltage  and  short-circuit  current  tests  but  was  not  loaded  to 
5000  k  VA.  The  only  problem  known  to  have  existed  was  a  vacuum  leak  in  the  rotating 
field  coil  dew.ir,  and  this  has  apparently  been  remedied. 

A  diagram  of  a  typical  alienator  is  shown  in  Fig.  4. 

b.  DC  Superconducting  Machines.  There  have  been  only  two  significant 
efforts  in  the  development  of  dr  machines  in  the  C.S.,  both  related  to  naval  applications. 
General  Electric  built  and  tested  an  acyclic  generator  using  a  superconducting  field  as 
part  of  a  theoretical  and  experimental  study  of  the  performance  of  a  liquid  metal  (Nak), 
current-collection  svstem.  Phis  test  device  used  a  simple  solenoid  for  tin*  field  coil;  the 
NbjSn  ribbon  pancake-coil  arrangement  could  produce  up  to  a  5.7  T  central  held  at 
500  A.  Operating  at  3000  rpm  and  2  T,  this  device  delivered  about  5  kW  at  7000  A, 

0.72  V;  the  generator  was  nominally'  rated  at  20  kW ,  2  V,  10,000  A,  4000  rpm.  4  T. 

The  main  contributions  from  the  experimental  effort  were  the  demonstration  of 
collector  current  densities  to  the  range  of  2000  A/in.2  and  verification  of  the  theore¬ 
tical  predictions  of  the  loss  characteristics  of  liquid  metal  collectors  in  high  magnetic 
fields. 


45  V  LENGTH 


1  .  . 

Fig.  4.  <  Toss-section  of  t>pical  superconducting  alternator. 


The  Navy's  second  effort  is  an  in-house  program  at  NSRDC-Annapolis 
to  develop  “shaped  field"  superconducting  motors  and  generators.  This  concept  uses 
stationary  superconducting  field  coils  (solenoids)  and  an  appropriate  iron  field  shaping 
and  shielding  layout  for  either  disk  or  drum  type  homopolar  machines.  Liquid  metal 
current  contacts  are  used.  Design  and  test  data  have  not  been  published,  but  an  initial 
laboratory'  test  machine  is  designed  to  be  rated  near  400  hp  (300  kW)  with  anticipation 
of  up  to  1000  hp  output. 

Based  upon  the  performance  of  the  machines  discussed,  we  can  summa¬ 
rize  the  status  of  our  current  basic  technology  of  superconducting  machinery  in  the 
(J.S.  In  the  realm  of  ae  machines,  two  configurations  have  been  investigated,  viz.,  the 
superconducting,  stationary  central  field-rotating,  ambient  temperature,  annular  arma¬ 
ture  (AVCO-MERDC)  machine;  and  the  superconducting,  rotating  central  field-station¬ 
ary  ambient  temperature  annular  armature  (A  VCO-Eustis,  MIT  I&U,  WAF,  WEC).  The 
design  equations  have  been  verified  for  both  configurations.  Electrically,  no  problems 
exist  which  cannot  be  accommodated  by  proper  design,  including  increases  in  the  field 
current  under  transient  conditions.  Superconducting  ac  machines  can  be  constructed 
to  be  either  high-voltage  or  high-current  devices;  thus,  they  are  applicable  to  either 
capacitive  or  inductive  energy  storage  systems.  With  appropriate  development,  such 
machines,  including  the  cryogenic  refrigeration  system  required,  promise  to  be  smaller 
and  lighter  than  conventional  machines  of  equivalent  ratings  for  high-power  applica¬ 
tions  (megawatts  average  power  level). 

Superconducting  dc  machines  are  inherently  low-voltage,  high-current 
machines.  They  arc  generally  simplest  from  the  cryogenic  system  standpoint  but  re¬ 
quire  efficient  current-collection  means.  These  devices  are  best  suited  for  high-current, 
inductive-energy  storage  systems. 

4.  Limitations  of  Existing  Technology.  It  is  clear  from  past  and  presen t  pro¬ 
grams  that  superconducting  electrical  machinery  can  be  built  and  operated  satisfactorily 
Since  such  devices  operate  at  cryogenic  temperatures,  a  compact,  lightweight  cryogenic 
refrigerator  is  required  for  all  but  short-term  (several  hours)  military  missions.  Develop¬ 
ment  of  such  a  refrigerator  with  a  long  life  and  high  reliability  has  been  a  major  part  of 
MERDC's  cryogenic  efforts.  All  machines  investigate*1  in  tin;  H.S.  to  date  have  relied 
on  open-cycle  cooling.  Development  of  sujMTconducting  machinery  will  be  best  accom¬ 
plished  by  having  not  just  a  closed-cycle  refrigerator  system  but  an  integrated  refrigera¬ 
tor  -  refrigerator-load  system:  this  lias  not  yet  been  attempted  by  anyone. 

The  high-current,  slationan -field  ac  machines  and  the  dc  machines  require 
efficient  current-collection  means.  The  liquid  metal  collector  systems  arc  the  most 
promising  for  greatly  increasing  current-collection  densities  hut  add  system  complica¬ 
tions  and  require  additional  auxiliary  equipment.  Losses  associated  with  liquid  metal 
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collectors  can  he  quite  high.  British  developments  on  more  conventional  brushes  indi¬ 
cate  that  significant  improvements  in  solid  brush,  current-collection  densities  can  be 
obtained  as  will  he  discussed  later. 

The  rotating,  supercunducting  field  ac  machines  require  careful  mechanical 
design  of  the  rotor  in  order  to  provide  adequate  structural  integrity  while  minimizing 
the  heat  leak  to  the  lowest  temperature  regions  and  accommodating  the  differential 
contraction  experienced  as  the  rotor  is  cooled  to  liquid  helium  temperatures.  \  rolat 
iug  shaft- seal  for  helium  gas  must  also  lie  incorporated  in  these  designs.  Such  seals  have 
been  designed  and  tested,  and  satisfactory  operation  has  been  achieved.  These  are 
pointed  out  as  limitations  simply  because  there  is  not  a  widespread  experience  in  de¬ 
signing  such  components  in  the  electrical  equipment  industry. 

The  larger  ac  machines  under  development  are  iron  free  in  the  armature  wind¬ 
ing  area,  employing  iron  as  a  shield  at  a  larger  diameter.  Such  construction  required  the 
use  of  phenolics,  fiberglass,  and  epoxies  to  support  windings.  This  leads  to  higher  eddy 
current  losses  in  the  windings,  lower  armature  heat  capacity,  and  lower  heat-rejection 
capability.  Until  the  armature  loss  and  cooling  requirements  data  become  available  for 
the  larger  machines,  it  will  not  be  clear  if  such  construction  is  really  desirable.  Tests  at 
MERDC  indicate  that  a  more  conventional  toothed  ferromagnetic  lamination  structure 
Ls  preferable  if  magnetic  saturation  of  the  laminations  can  be  avoided. 

5.  Pacing  Problems.  The  primary  problem  retarding  the  development  of  super¬ 
conducting  machines  for  high-power,  landmobile  applications  is  the  lack  of  a  compac  t, 
highly  reliable  cryogenic  refrigeration  system.  Superconducting  machinery  is  certain  to 
be  applicable  to  utility  power  sized  fixed  installations  and  ship  propulsion  type  applica¬ 
tions  (high-power,  low-speed  dc  motors;  high-power,  moderate-speed  dc  generators) 
where  higher  ratings  in  a  given  frame  size  arc  achievable  and  ship  design  flexibility  is 
significantly  enhanced. 

For  some  short-duration  missions,  it  may  be  acceptable  to  provide-  cryogens 
by  tankage  from  a  central  or  remote  liqueficr.  In  these*  cases,  open-cycle  cooling  designs 
will  lie  required,  and  such  machines  would  be  similar  to  laboratory  test  versions  being 
studied.  Generally,  closed-cycle  cooling  is  assumed  to  be  preferred,  and  MERDU’s  pri¬ 
mary  emphasis  in  this  regard  has  been  toward  development  of  the  refrigeration  system 
with  the  superconducting  devices  given  a  lower  priority  at  this  time. 

The  de  machines  require  additional  development  of  current -collection  means- 
cither  solid  brushes  or  liquid  metal  contacts.  Improving  colic  or  current  densities  w  ill 
have  a  signficant  impact  on  the  general  range  of  application  of  de  machinery. 


6.  Current  [)OD  Programs.  Then1  are  tour  existing  1)01)  programs  which  could 
impact  on  the  development  of  superconducting  machines  as  power  sources  for  pulsed- 
power  supplies.  The  three-phase  program  being  performed  by  Weslinghouse  at  Lima. 
Ohio,  for  the  Air  Force  is  aimed  at  developing  a  superconducting  generator  for  airborne 
high-power  application.  The  three-phase  program  is  as  follows:  (I)  analyses,  prelimi¬ 
nary  design,  and  critical  component  tests,  including  lull-scale  rotor  tests,  seal  tests,  and 
superconductor  tests;  (2)  extended  seal  and  rotor  testing,  detail  design,  machine  fabri¬ 
cation,  and  checkout;  and  (3)  performance  verification  tests  of  I  MV  A  continuous  and 
10-sccond  pulses  of  3  MVA  with  I  minute  between  pulses.  This  cost-plus  contract  was 
initially  estimated  to  have  a  cost  of  $564,000;  reported  FY  71  and  72  obligations  total 
$315,000. 


The  development  program  is  a  reasonable  and  necessary  step;  the  objectives 
of  each  phase  represent  a  logical  grouping  of  efforts  which  must  he  successful  to  war¬ 
rant  continuing  to  the  next  phase.  The  requirements  of  emerging  high-power  weapon 
systems  w  ill  demand  power  sources  with  the  capability  achievable  in  machines  of  the 
type  being  developed.  The  optimum  power  source  for  the  specific  applications  and 
mission  profiles  for  each  of  the  Services  may  he  quite  different  even  though  the  basic 
technology  is  identical. 

A  second  \ir  Force  program  is  aimed  at  the  development  of  lightweight  trans¬ 
formers  for  airborne,  high-power  supplies.  Thermal  Technology  Laboratory  of  Buffalo, 
New  York,  has  contracted  to  establish  design  criteria  and  teehniques  for  transformers 
having  specific  weights  less  than  0.4  lb  jht  kV  A  at  power  ratings  of  I  to  100  MVA. 
Klcctrieal,  magnetic,  and  thermal  characteristics  arc  being  modeled,  and  final  design 
of  a  to-l>e-spccificd  transformer  will  be  undertaken.  F.stimatcd  funding  over  FY72-74 
is  $70,400.  The  program  is  apparently  aimed  at  providing  high-power,  step-up  trans¬ 
formers  for  high-voltage  applications.  Minimizing  weight  is  desirable  for  airborne,  land- 
mobile.  ami  seafaring  applieatious;  and  an  analy  lieal  and  experimental  program  which 
considers  electrical,  magnetic,  and  thermal  characteristics  with  emphasis  on  heat-rejec¬ 
tion  capabilities  is  worthwhile.  The  results  of  tin:  effort  will  likely  be  applicable  to 
high-power  weapons  technology  for  all  Services  in  systems  where  an  ac  generator  is  the 
prime  power  source. 

The  Navy's  in-house  machine  dc\clopmcnl  program  being  conducted  at 
NSKIH  -Annapolis  would,  if  successful,  provide  a  means  to  design  high-current. dc  gen¬ 
erators  lor  supplying  current  to  inductive  energy  storage  devices.  The  sha|M‘d-ficld  con¬ 
cept  is  as  yet  unproven,  anil  the  liquid  metal,  current-collection  system  requires  further 
development.  Program  costs  were  earlier  estimated  at  $1 .000.000  per  y  car  lor  10  y  cars. 
The  primary  objective  of  the  effort  is  to  provide  electric  generators  and  motors  for  ship 
propulsion  (20  M  W  and  up)  which  would  yield  enhanced  shipboard  design  flexibility. 
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A  fourth  1)01)  sponsored  effort  whieh  eould  im|>aet  on  the  development  of 
dc  power  sources  for  inductive  energy  storage  devices  is  being  performed  by  Westing- 
house  for  ARPA.  The  program  calls  for  the  development  of  a  Weslinghouse  conceived 
segmented-magnet,  homopolar  torque  converter  (SMIITC);  the  largest  part  of  the  experi¬ 
mental  effort  will  lie  aimed  at  the  study  of  liquid  metal,  current-collection  systems.  A 
segmented-magnet,  homopolar  generator  would  have  low-voltage,  high-current  capability; 
such  a  machine  might  Ik;  considered  as  a  power  source  for  inductive  energy  storage  de¬ 
vices.  In  any  case,  further  development  of  liquid  metal  current  collectors  should  result 
from  this  effort. 

7.  Other  Programs.  Three  utility  power  type  efforts  also  could  impact  on  the 
development  of  ac  superconducting  machines  for  high-power  applications.  The  details 
of  the  Wcstinghouse  and  MIT  efforts  have  been  dcscriltcd  earlier.  The  Wcstinghousc 

5  MVA  rated  machine  seems  to  have  been  deliberately  overdesigned  mcchani-ally  as 
insurance  against  first-time  oversights  which  might  cause  difficulty ,  and  the  MIT  2-3 
MVA  machine  has  not  yet  been  tested.  The  machine  conceived  for  utility  power  appli¬ 
cations  may  not  Ik;  ideal  for  military  applications,  but  the  success  of  these  programs 
will  further  establish  the  feasibility  of  developing  superconducting  machines  as  power 
sources  for  high-power  applic  ations. 

A  third  development  whieh  is  apparently  underway  is  being  pursued  by  (>cn- 
cral  Klectric  in  Schenectady,  New  York.  Indications  that  a  substantially  rated  (10'sof 
MVA)  machine  probably  of  the  utility  power  variety  is  under  development  can  be  in¬ 
ferred  from  recent  publications,  though  no  direct  mention  of  such  a  program  exists. 

8.  Foreign  Technology.  The  most  significant  total  effort  in  the  development  of 
superconducting  machines  for  a  variety  of  high-[K>wer  applications  has  been  undertaken 
by  the  International  Research  and  Development  Company,  Ltd.  (IRD),  Newcastle-upon- 
Tyne,  England.  Funding  is  primarily  through  the  British  Ministry  of  Defense-Navy 
(MOD-N)and  the  National  Research  and  Development  Corporation  (NKDC),  a  “seed 
money”  company  for  promising  commercial  endeavors.  IRD  has  had  a  team  of  some 
40  people  working  on  the;  development  of  high-power  .superconducting  machines  since 
1963.  Their  50-horsepower  Faraday  -disc-  type  motor  completed  in  1966  was  the  first 
operable  motor  of  significant  rating  employing  superconducting  windings.  Subsequent 
development  led  to  the  It  sign,  construction,  ami  test  of  a  3,250  horsc|H>wcr  (2.4  MW ) 
motor  designed  to  dirt  t.  drive  a  200-rpm  cooling-water-pump  at  the  Fawley  Power 
Station.  The  motor  employs  the  segmented  disc  principle  developed  by  IRD  as  a  means 
to  increase  the  voltage  and  reduce  the  current  requirement  of  homopolar  motors;  solid 
brushes  are  employed.  The  segmented-disc  principle  allows  operation  at  430  V .  5,BtH) 

A  as  compared  to  a  single  solid  disc  device  requiring  21.5  V  and  1 16,000  A  in  the  same 
size  machine.  Technological  advances  during  the  development  time  of  this  motor  would 
allow  the  rating  to  be  boosted  to  about  6  MW'  in  the  same  machine  size.  IK  I)  is  currently 
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building  a  superconducting  generator- motor  set  designed  for  marine  propulsion.  Present 
plans  are  for  land  tests  only. 

As  an  element  in  the  development  of  high-power  machines,  IRD  conducted 
extensive  investigations  of  solid  brushes.  A  metal-plated,  carbon  fibre  brush  construc¬ 
tion  resulted  which  promises  to  increase  brush-current  collection  densities  to  the  range 
of  300  to  600  A/in.2  as  compared  to  100  to  150  A/in.2  generally  achievable  for  con¬ 
ventional  brushes.  This  brush  development  will  have  significant  impact  on  the  design 
of  high-power  dc  machines  and  could  extend  the  range  of  applicability  of  rotating- 
armaturc  ac  machines. 

Since  the  devices  developed  by  IRD  are  equally  useable  as  generators  and  the 
status  of  development  is  relatively  complete  by  now,  it  is  prudent  to  use  this  source  for 
the  supply  of  high-power  dc  machines  where  such  sources  are  required.  Output  voltages 
up  to  a  few  thousand  volts  might  be  achievable.  Such  machines  could  be  used  to  charge 
a  capacitor  bank  where  parallcl-to-scries  switching  or  pulse  transformation  is  employed 
to  obtain  the  final  output  voltage  or  to  power  inductive-energy  storage  col's  at  high  dc 
currents. 


This  developmental  program  and  other  foreign  efforts  are  reasonably  well 
documented  in  the  final  technical  report  prepared  by  Wcstinghouse  Electric  Corporation 
for  the  I'.S.  Navy -Office  of  Naval  Research.  The  report  on  Contract  #N000  14-70-C- 
0246  is  entitled.  “Survey  of  the  State-of-the-Art  of  Superconducting  Electrical  Machin¬ 
ery”;  it  includes  summaries  of  all  significant  efforts  and  an  international  bibliography 
of  papers  and  reports  on  the  subject.  Developmental  activities  were  reported  in  England, 
Frailer ,  Germany.  Sweden.  Japan,  Switzerland,  and  Russia.  As  an  example,  a  100-kVA 
alternator  has  been  built  (and  now  tested)  in  Russia  and  a  1000  kV A  machine  with  a 
rotating,  stqierconducting  field  w  inding  is  reportedly  under  construction. 

9.  Technology  Forecast.  The  technology  forecast  for  cryogenic  refrigeration 
systems  is  included  in  the  discussion  of  refrigeration  developments.  Solid  brushes  capa¬ 
ble  of  300  to  600  \/in.2  arc  under  ch  vclopmcnl  in  the  U.k.  (see  Foreign  Technology 
Section):  at  present  the  Itritish  will  not  sell  these  brushes.  The  technology  of  liquid 
metal  contacts  might  be  sufficiently  developed  in  3  to  5  years  to  warrant  their  employ¬ 
ment  in  high-current  machines.  dc|>cudiug  upon  the  progress  of  Navy  and  ARP  A  pro¬ 
grams. 


Results  of  the  MIT  and  Wcstinghouse  MV  A  range  alternator  tests  arc  expected 
to  !>e  available  in  the  next  I  to  2  years.  The  iron-free  armature  losses  and  cooling  re¬ 
quirements  determined  in  these  programs  might  have  a  significant  impact  on  optimum 
designs  for  machines  in  the  I  to  20  MV  A  range. 


Insofar  as  the  forecast  for  superconducting  machines  regards  potential  size 
and  weight  vs.  power  ratings,  estimates  for  a  1/MW -rated  12,000-rpm,  400-Hz  alternator 
include  0.5-1  #4cW  for  the  alternator  alone  (Fig.  5),  0.8-2  #/kW  for  alternator  with 
closed-cycle  refrigerator,  and  3-5  #/kW  for  a  complete  package  including  alternator,  re¬ 
frigerator,  gas  turbine,  and  auxiliaries.  Power  density  for  the  riternator  alone  should 
be  in  the  range  of  20  W/cc  or  higher. 

10.  (Viorities.  The  best  approach  to  providing  the  high  energy  and  high  power 
required  by  weaponry  under  development  will  depend  on  the  operational  characteristics 
of  the  weapons  and  on  land  mobility  /transportability  requirements.  Since  these  char¬ 
acteristics  are  not  well  defined  at  this  stage  of  development,  many  possible  alternatives 
to  supplying  the  power  required  need  to  b';  considered  at  this  time  so  that  a  more  opti¬ 
mum  combination  of  device  and  power  supply  can  be  selected  at  the  appropriate  point 
in  the  system  development  cycle. 

Both  ac  and  dc  superconducting  machines  promise  to  be  more  compact  and 
lighter  than  conventional  machines  at  sufficiently  high  power  ratings.  The  design  and 
construction  technology'  for  dc  machines  has  been  sufficiently  advanced  by  the  British 
so  that  it  is  prudent  to  license  from  that  source  for  sys'ems  where  such  a  dc  supply  is 
the  optimum.  The  dc  machine  technology  for  propulsion  drives  being  developed  by  the 
U.S.  Navy  should  be  followed  with  an  eye  to  the  high-power  weapons  applications,  but 
it  is  not  essential  to  providing  a  good  dc  source  for  energy -storage  systems. 

For  ac  systems,  it  is  preferable  to  develop  the  rotating-field-coil  configuration 
for  ultimate  use  at  high  power  because  this  configuration  is  most  amenable  to  being 
developed  into  machines  having  ratings  of  10’s  of  MVA  in  transportable  sizes.  With  the 
advances  in  solid  brush  technology  pioneered  by  IRD,  the  limits  of  the  extension  of  the 
power  range  of  stationary  central  field  superconducting  machines  need  to  be  established. 
To  do  this  it  is  desirable  to  design,  construct,  test,  and  evaluate  the  performance  of  a 
full-scale  rati  d  machine  (500  to  1000  kW)  and  base  performance  extrapolations  and 
limitations  on  such.  data. 

In  considering  the  development  of  rotating,  siqtcrronducting  field  coil  ac 
machines,  the  primary  problems  to  be  faced  are  the  rotating,  vacuum  insulated  dewar 
and  the  rotating  helium  transfer  coupling.  The  primary  helium  transfer  seal  configura¬ 
tion  investigated  to  date  relies  on  surfaee  contact  of  a  face  seal;  the  ferrofluidic  rotating 
shaft  seal  seems  to  be  much  more  reliable;  and  should  be  investigated  for  its  range  of 
applicability  with  varying  ambient  temperature. 

The  rotating,  vacuum  insulated  ’"war  requiresgood  mechanical  and  thermal 
design.  A  simple  three-walled  dewar  with  an  intermediate  temperature  electrothermal 
shield  and  a  scaled  vacuum  space  is  currently  used.  An  interesting  MIT  design  fo.-  large 
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systems  would  employ  a  stationary  outer  wall  with  rotating  vacuum  seals;  this  configu¬ 
ration  would  allow  the  use  of  multilayer  supcrinsulaiion  to  reduce  radiative  thermal 
losses  and  sealed  or  continuous  pumping  of  the  vacuum  space  and  to  eliminate  windage 
losses  by  virtue  of  rotor  operation  in  the  high  vacuum.  Again,  ferrofluidie  shaft  seals 
are  good  eandidates  for  t he  rotating  vacuum  seals. 

The  weapons  applications  of  the  power  supplies  discussed  will  be  somewhat 
similar  for  the  three  services,  but  the  final  installed  configurations  are  likely  to  be  quite 
different  because  of  the  variation  in  mobility /transportability  and  mechanical  require¬ 
ments.  Of  the  devices  discussed,  only  the  British  dc  machines  can  be  considered  to 
have  essentially  completed  the  exploratory  development  stage,  and  even  these  will  need 
a  detailed  evaluation  to  determine  their  applicability  to  weapon  systems  power  supplies 
as  currently  conceived. 

AC  machines  of  both  stationary  and  rotating  field  coil  configi  rations  need  to 
Ik-  further  investigated,  and  a  development  which  in  some  ways  parade's  the  current 
Air  Force  program,  hut  which  is  specifically  geared  to  Army  requirements,  is  worthwhile. 
This  would  allow  a  redundancy  in  general  development  which  is  desirable  in  the  event 
of  difficulties  in  either  program  and  a  sustained  effort  directed  at  an  optimum  power 
supply  for  Army  weapons  system  applications. 

III.  COW  KNTION  A  I,  IT  RBI N  K  CENER  \T()R  SETS 

11.  Background.  Turbine  generator  sets  in  the  exact  configuration  suitable  for 
Advanced  Weapons  Systems  ( AWS)  have  never  been  built.  Turbine  generator  sets  used 
by  the  Military  have  characteristics  that  generally  are  suitable  but  have  never  been 
attempted  in  the  large  ratings  anticipated  for  AWS;  most  have  a  capability  of  less  than 
100  kW .  Turbine  generator  sets  used  by  industry  have  generally  Im-cii  emergency  power 
plants  (in  the  order  of  1500  kW  or  smaller)  or  "iH-aking  power"  units  (in  ratings  to 
alMMit  20.000  kW  )  list'd  by  electric  utility  companies  as  a  means  to  handle  peak  power 
demands  for  relatively  short  periods  of  time  (hours  per  day).  Industrial  turbine  genera¬ 
tor  sets  will  not  be  suitable  for  AW  S  because  of  excessive  si/.c  and  weight:  the  equip¬ 
ment  is  60  II/.  which  results  in  large,  massive  generators; and  the  engines,  while  often 
derived  from  aircraft  designs,  have  stressed  low  cost  and  long  life  resulting  in  versions 
of  the  engines  in  which  Initli  weight  and  bulk  are  inconsistent  with  AWS  requirements. 

12.  Current  Technology  .  The  above  discussion  should  not  be  taken  to  mean  that 
existing  turbine  generator  set  technology  is  hopelessly  inadequate  and  does  not  warrant 
consideration  for  AWS.  Relatively  small,  lightweight  equipment  is  believed  possible  by 
extending  aircraft  practice  to  larger  ratings  ami  by  accepting  compromises  in  life.  cost, 
and  noise  level  of  the  equipment  (as  compared  to  industrial  machinery).  MERIX!  is 
currently  involved  in  the  design  of  an  8B5-kW  generator  set  which  will  weigh 
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approximate!)  2900  lb— not  including  tael.  While  tills  power  density  is  still  not  adequate 
for  AW'S,  it  is  indicative  of  progress  being  made.  It  is  expected  that  turbine  generator 
sets  will  employ  high-s|M*cd  (up  t i  12,000  rpm)  alternators  at  frequeneies  of  400  11/  or 
higher  driven  by  engines  running  at  higher  speeds  and  higher  turbine  inlet  temperatures 
than  is  acceptable  for  industrial  equipment.  The  larger  ratings  are  anticipated  to  be  van 
or  trailer  mounted  while  smaller  sets  could  lie  skid  mounted.  In  some  cast's,  several 
smaller  engines  would  be  “ganged”  to  provide  capability  to  power  a  generator  set  of 
intermediate  capacity.  “Ganging”  of  engines  is  an  attractive  consideration  since  it 
could  allow  declutcliing  of  one  or  more  engines  to  conserve  fuel  during  periods  of  low 
power  demand.  Starting  of  turbine  generator  sets  is  relatively  simple  and  quick.  Even 
the  larger  sets  can  be  startl'd  and  loaded  at  full  output  within  2  minutes;  in  an  emer¬ 
gency,  this  time  could  be  reduced  to  as  little  as  45  seconds.  Turbine  generator  sets 
can  be  built  to  accept  a  with'  variety  of  fuels,  both  gaseous  and  liquid,  with  relatively 
good  efficiency  (heat  rates  in  the  order  of  12,500  Rtu/kWh). 

Table  2  is  a  chart  indicating  weight  and  fuel  consumption  for  turbine  gener¬ 
ator  sets  utilizing  generators  and  engines  which  can  lie  derived  from  current  technology 
based  on  comparatively  long-life  considerations.  By  accepting  compromises  in  life, 
noise,  and  cost,  it  should  be  possible  to  do  substantially  liettcr  than  the  weights  shown 
in  the  table. 


Table  2.  (iuiiventional  Turbine  Generators  for  AWS  Anticipated  Weights 


KW 

Rating 

w. 

Generator 

right  (lb) 
Kngine 

Set 

Generator 

Speed 

(rpm) 

Fuel 

Cons 

(Cal/llr) 

F.ngines  Possibly  Suitable 

Make  and  Model 

1,000 

920 

1.000 

3,500 

8.000 

145 

l.yroining  Model  TF  25B 

2,000 

1,430 

1,100 

4,000 

8,000 

230 

Lycoming  Model  TF  40 

r.,ooo 

2,600 

;uoo 

7,300 

8,0«X) 

585 

Lycoming  Model  TF  35 A  (Tliree) 

10,000 

5,000 

7,500 

50,000* 

6,000 

1070 

GF.  Model  3142 

20,000 

7,800 

14,000 

86,000* 

6,000 

I960 

Pratt  &  Whitney  Model  FT  4 

*  Includes  weight  of  van  or  trailer. 


IV.  Fl’KL  CKI.I.S 

13.  Current  Technology.  Fuel  cells  are  basically  still  in  a  development  stage. 
They  offer  the  advantage  of  low-noise-level  operation.  Currently  available  stacks  exhib¬ 
it  power  densities  in  the  range  of  25  Ib/kW.  Militarized  systems  (as  op|Mised  to  stacks) 
operating  from  hydrocarbon  fuels  are  in  the  range  of  100  to  200  Ib/kW.  Development 
programs  underway  have  goals  of  0.5  Ib/kW'  (excluding  power  conditioners)  for  mega¬ 
watt  size  devices  using  ll2 ,  ()2 . 
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Efficiencies  of  ~  70%  starting  with  H2  and  02  are  achievable;  counting  pro¬ 
duction  of  H2  and  02,  th?  efficiency  drops  to  ~  40%.  Militarized  versions  mentioned 
above  are  about  10%  efficient.  Reactant  consumption  is  about  0.2  to  0.3  (kg/kWh). 
Although  the  fuel  cell  is  not  particularly  sensitive  to  on-off  switching  of  the  output  line, 
it  nevertheless  would  cause  an  inefficiency  in  that  the  reactant  flow  would  continue 
during  the  off  time.  Pulsed  operation  is  not  physically  damaging,  and  fuel  cells  have 
been  operated  significantly  above  rated  power  in  a  pulsed  mode. 

14.  Limitations.  The  position  of  technology,  as  demonstrated  by  H2, 02  fuel 
cell  employment  in  the  space  program,  can  lx;  regarded  as  satisfactory  for  certain  appli¬ 
cations  both  in  regard  to  wuiking  life  and  electrical  characteristics.  Improvements  in 
the  areas  of  electrode  structure  to  increase  limiting  current  density  and  in  cathode  cata¬ 
lysts  to  improve  efficiency  arc  needed. 

Volumes  and  weights  of  stack  elements  are  relatively  low,  but  overall  density 
is  limited  by  auxiliary  equipment.  The  output  voltage  of  fuel  celi  batteries  tends  to  be 
low  due  to  the  electrochemical  reaction  involved  which  limits,  to  a  certain  extent,  high- 
voltage  application. 

15.  Pacing  Problems.  For  this  application,  development  of  high  power  densities 
is  critical.  Programs  such  as  those  of  Pratt  and  Whitney,  sponsored  by  Air  Force,  are 
defining  constraints  at  present. 

16.  Technology  Forecast.  Fuel  cells  for  fixed  applications,  e.g.,  consumer  power, 
such  as  the  12 !4  kW  modules  being  developed  by  Pratt  and  Whitney,  should  become 
available  iir  the  near  future.  Given  adequate*  funding,  programs  underway  will  provide 
units  suitable  for  Army  applications  in  the  5-  to  10-year  time  frame.  A  high-power- 
density  system  (goal:  0.5  Ib/kW)  capable  of  supplying  megawatts  for  minutes  is  cur¬ 
rently  lieing  developed. 

17.  Current  Programs.  The  Air  Force  (Wright-Pattcrson  Air  Force  Base) 

(\V  PAFB)  has  a  contract  (S200K,  FY73)  with  Pratt  <X  Whitney  for  developing  high- 
powcr-densily  fuel  cells  for  airborne  applications.  The  goal  is  to  obtain  megawatts  for 
seconds  to  minutes  at  a  power  density  of  0.5  Ib/kW. 

Army.  Navv.  and  Air  F'orce  have  supporting  programs  in  areas  such  as  elec¬ 
trode  processes,  catalyst  recrystallization,  advanced  developments,  improved  matrix 
materials,  and  low-cost  electrodes. 

N  AS  Vs  program  is  fairly  broad  covering  basic  research  as  well  as  fuel  cells 
tor  space  craft  but  is  not  directed  toward  high-power  applications. 


20 


jvWubMCW !»•  ■»,*«.•*- .W.*» , ’v»!-»\ -■<••,•- 


18.  Priorities.  The  Air  Force-Prat t  and  Whitney  effort  should  be  followed. 
Modules  should  t>e  obtained  and  tested  if  warranted. 

V.  Mill) 

19.  Current  Technology.  The  generation  of  electricity  by  Mill)  generally  falls 
into  three  classes: 

a.  Open-cycle  plasma  generators. 

( 1 )  Combustion  generators. 

(2)  Detonation  or  explosive  generators. 

b.  Closed-cycle  plasma  generators. 

e.  Closed-cycle,  liquid-metal  generators. 

Plasma  and  liquid  metal  Mill)  generators  are  often  confused  with  each  oilier 
because  of  the  coincidence  that  the  alkali  metals  such  as  potassium,  cesium,  and  lithium 
are  list'd  as  the  working  fluid  in  the  liquid  metal  Mill)  systems:  anti  these  same  alkali 
metals  are  also  used  as  seed  materials  to  enhance  the  conductivity  of  the  plasma  in  the 
plasma  Mill)  systems. 

At  the  5th  International  Conference  on  Mill)  Kleetrieal  Power.  April  1971. 
Munich,  it  was  concluded  that  all  three  classes  of  Mill)  generators  are  technically  proven 
concepts  anti  promise  the  generation  of  highly  efficient  electrical  power.  Mill)  power 
generation  possesses  the  following  attractive  features:  relative  simplicity .  high  power  to 
weight  and  volume  latios.  favorable  sealing  characteristics.  continuous  and  pulsed  power, 
and  instantaneously  available  power.  In  a  rapidly  growing  electrical  market,  the  in¬ 
creased  power  output  forgiven  fuel  costs,  air  pollution,  and  thermal  pollution  could  he 
important  factors  in  favor  of  Mill)  power  generation.  Although  Mill)  power  generation 
has  been  technically  proven,  it  ha-  not  been  driuou'lratcd  that  Mill)  power  generation 
can  compete  cenunmicallv  with  conventional,  central-power  generation. 

Open-cycle  combustion  Mill)  systems  have  now  reached  the  prototype  stage. 
Several  countries,  particularly  the  l  SSH.  have  programs  in  open-evele  Mill)  and  are 
developing  systems  capable  of  overall  efficiencies  between  Itl'r  and  5TV.  IK  compari¬ 
son.  central  commercial  power  plants  have  overall  efficiencies  between  UVr  and  455. 
Keonomic  studies  on  large-scale,  opcn-cy  ele  Mill)  power  stations  for  continuous  opera 
lion  on  base  load  indicate  that  these  systems  in  conjunction  with  conventional  generat¬ 
ing  sy  stems  could  be  made  economically  attractive,  even  considering  the  requirements 
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for  minimizing  air  pollution  due  to  sulfur  oxides.  However,  the  economic  usefulness 
of  open-cycle  MHD  systems,  whether  for  base-  or  peak-load  operation,  must  differ  from 
country  to  country  due  to  the  large  variation  in  costs  of  fossil  fuels  and  the  nuclear 
generation  of  power. 

In  the  field  of  open-cycle  explosive  MHD,  the  Soviets  recently  succeeded  in 
obtaining  useful  pov'er  from  explosion  of  hydrocarbon  fuels  and  oxygen.  Explosive 
MHD  appears  promising  for  the  direct  generation  of  pulsed  dc. 

Small,  closed-cycle  plasma  MHD  experimental  generators  in  a  number  of 
countries  have  been  operated  successfully.  The  results  of  these  experiments  indicate 
that  is  is  possible  to  predict  the  performance  and  characteristics  of  multi-megawatt 
generators.  As  of  April  1971 ,  the  West  German  facility  “ARGAS  2”  is  the  only  MHD 
device  to  employ  a  superconducting  magnet. 

Experimental  liquid  metal  Mill)  generators  in  the  1  kW  range  have  been 
demonstrated  in  a  number  of  countries  including  the  United  States.  The  goal  of  liquid 
metal  MHD  is  the  development  of  very  reliable  generators  which  woidd  be  suitable  lor 
space  applications  and  submarine  propulsion  systems.  Liquid  metal  MHD  does  not 
appear  practical  for  commercial  power  applications  l»c cause  of  its  limited  output. 

In  general,  military  technology  of  Mill)  is  not  related  to  commercial  power 
plant  technology.  Only  in  the  field  of  peaking  power  plants  do  the  technologies  over¬ 
lap.  For  emergency  sources  of  central  power,  peaking  power  plants  will  Ik*  required 
to  provide  megawatts  of  power  “almost  instantaneously”  and  to  operate  at  these  power 
levels  for  short  periods  of  time.  These  requirements  are  similar  to  military  require¬ 
ments  for  high-power-density  power  supplies  with  short  duty  cycles  and  can  be  supplied 
by  open-cycle  plasma  MHD.  Explosive  MHD  appears  to  be  attractive  for  pulsed-power 
applications  because  of  the  direct  application  of  pulsed  dc  power. 

Superconducting  magnet  technology  has  advanced  to  the  point  where  super¬ 
conducting  magnets  of  various  designs  can  be  incorporated  into  Mill)  systi  ms. 

20.  Limitations.  Plasma  MHD  generators  arc  restricted  to  the  generation  of  de 
power  due  to  the  comparatively  low  electrical  conductivity  of  the  plasmas.  Typically, 
the  conductivity  is  between  10  mho/meter  to  100  mho/m;<er.  This  low  electrical  con¬ 
ductivity  results  in  low  voltage  generation,  and.  consequently,  ac  power  cannot  be 
efficiently  produced  because  the  magnetic  field  cannot  be  efficiently  varied  to  induce 
ac  voltages.  On  the  other  hand,  the  electrical  conductivity  of  liquid  metals  is  about  I06 
mho/meter  which  is  only  about  100  times  smaller  than  the  conductivity  of  copper  at 
room  temperature.  Liquid  metal  MHD  generators  offer  the  capability  of  generating 
either  dc  or  ac  power,  with  a  wide  range  of  frequencies,  at  selected  voltages. 


An  important  limitation  of  existing  open-c ycle  eombustion  Mill)  generators 
is  their  expenditure  of  fuels  which  are  not  readily  available  in  the  Army's  logistical 
system.  Ordinarily,  these  devices  are  fueled  with  a  liquid  fuel  (typically  a  hydrocarbon), 
an  oxidizer  (usually  gaseous  oxygen),  and  a  seed  compound  (potassium  or  cesium 
carbonate).  Present-day  eombustion  Mill)  generators  have  to  us*'  oxygen  or  nitrogen- 
oxygen  mixtures  as  the  oxidizer  no  matter  what  fuel  is  employed.  Future  Mill)  devices 
may  be  able  to  use  air  as  an  oxidizer,  and  the  logistic  problem  of  supply  ing  tanked 
oxygen  will  be  eliminated.  Fuels  wliieh  yield  plasmas  with  significantly  higher  electrical 
conductivities  than  JP4are  not  presently  available  in  the  Vrmv’s  logistical  system.  \n 
example  of  sueli  a  “high  eonductivitv"  fuel  is  cyanogen  (CjNj)-  The  logistical  problem 
of  supplying  seed  material  can  he  minimized  w  ith  the  development  of  an  effective  seed 
recovery  device. 


The  lifetimes  of  the  major  components  of  plasma  Mill)  generators  such  as 
channel,  nozzle,  and  burner  will  be  limited  due  to  the  erosion  effects  of  high-temperature 
and  high-velocity  plasmas  flowing  through  these  components.  Lifetimes  of  these  com¬ 
ponents  are  further  shortened  due  to  erosion  and  spalling  caused  hv  thermal  shocks  that 
occur  «  ach  time  the  generator  is  run. 

The  efficiency  of  explosive  Mill)  generators  is  presently  limited  to  I  .TV > . 

The  inefficiency  of  the  conversion  of  explosive  chemical  energy  to  electrical  energy 
means  that  relatively  large  amounts  of  explosives  per  puls'  wdlhavc  to  he  detonated  to 
achieve  usable  power  levels  for  pulsed  o|>crations.  In  addition,  the  containment  of  the 
comparatively  large  explosions  per  pulse  will  cause  the  generator  itself  to  become  bulky . 
The  lifetime  of  explosive  Mill)  generators  will  he  severely  limited  by  the  erosion  caus'd 
by  the  passage  of  the  explosive  products  through  the  channel. 

21.  I  .imitations  of  Kxisting  Devices.  The  current  upper  limits  of  operation  for 
M III >  sy  stems  arc: 

a.  Continuous  combustion  Mill)  for  low  dulv  cvcles: 


Lower 

It)  MW 

1  kg/s'C 

7.<)2  lli/hr 

Specific  Fuel  Consumption 

MW 

kW 

0.2  kg 

o.  r>  ib 

Specific  Weight  (less  fuel  and  oxidizer) 

MW 

kW 

( hitpul  \  ullage 

CHIkV 

b.  Pulsed  explosive  Mill): 


Power 

Pulsed  K.nergy 
Puls*-  Duration 
Puls*1 2 3  Kate 
Efficiency 
('.urrent  Rise  Time 
Output  Volta*;*' 

22.  Pacing  Problems. 

a.  A  summary  «»f  critical  ie*-l 
Mill)  is  as  follows: 


10  MW 
30  kj 

100  p  sec 

<  10  pulses/scc 

1 

10  n  see 

10'sof  kV 


problems  for  open-cycle  combustion 


( 1 )  Channel  anil  electrode  erosion  due  to  high  t*'ni|ierature  anil  high 
velocity  plasma. 

(2)  Insulation  breakdown. 

(3)  He  eovery  of  alkali  seed  material. 

(4)  Current  distribution  in  the  plasma. 

(5)  Reduction  of  component  size  and  weight. 

b.  A  summary  of  critical  technical  problems  for  pulsed  explosive  Mill) 
is  as  follows: 

( 1 )  Improved  conversion  of  explosive  chemical  energy  to  electrical 
energy  (higher  efficiency). 

(2)  Multi-shot  capability. 

(3)  Reduction  of  component  size  and  weight. 

e.  A  summary  of  critical  problems  for  liquid  metal  MUD  is  as  follows: 
(I)  Flow  channel  erosion  due  to  velocity  of  liquid  metal. 
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(2)  Reduction  of  friction  losses  in  (lie  generator  and  lii|iii(i  metal  flow 
components. 

(3)  Thermal  and  electrical  insulation  of  the  generator  from  the  liquid 

metal. 

(4)  Control  of  slip  losses  and  shock  losses  in  the  two-phase  flow. 

(5)  Corrosion  and  handling  problems  of  liquid  metals. 

23.  Current  DOD  Programs. 

a.  Overall  DOD  Effort.  Current  1)01)  Mill)  efforts  are  listed  in  Tables 

3  and  4. 


Table  3. 

Current  Navy 

Mill)  Kllorts 

Pie  No. 

Agency 

Contractor 

Completion 

1  )atc 

Fumls(K$)* 

FA  73  FA  -74 

Title 

.562 

(INK 

CK 

COM 

1 «)').') 

Mill)  Cell  Studv 

2f.fi') 

ONK 

OK 

CONT 

02.3  (AKPA) 

Mill)  laser 

2670 

ONK 

Arginine  Nat  Lab 

CONT 

3.50.0 

Two- Phase  Mill)  Ceil 

25H7 

ONK 

\rgonne  Nat  lab 

CONT 

130.0 

Liquid  Metal  Mill) 

2020 

ONK 

Colorado  Slate  (1. 

CONT 

32.  W 

Mill)  Plasma 
Investigation 

2174 

ONK 

Argonne  Nat  lab 

CONT 

(FA  -72:35.0) 

Kvaluation  of  Liquid 
Metal  Mill)  lor 
Power  Ceil 

*Thrw  f mures  are  based  upon  data  taken  from  the  latest  PIC  sheets  available  in  the  Klretrieal  Kquipment  files  (Jan 
1974).  In  some  eases,  the  Pit;  sheets  have  not  been  kept  up  to  date.  Supplemental  AKPA  funds  are  shown  where 
Ihew  figures  were  available. 


b.  Air  Force.  Tilt  Air  Force  Aero  Propulsion  Laboratory  (AF'APL)  has  an 
extensive  Mill)  piograin  (over  9(K<  K  tlollars  in  FY73)  aimed  at  developing  high-power 
pulsed  and  continuous  Mill)  generators  suitable  for  airborne  applications.  They  have 
•wo  pulsed  explosive  Mill)  contracts  (Avco  ami  Hercules)  whose  common  objective  is 
to  demonstrate  operation  of  a  50  kj/pulse,  100  jiscc  pulse  width,  ami  at  least  10  pulses/ 
see  explosive  device.  Avon’s  explosive  Mill)  generator  will  use  a  liquid  explosive  and 
Hercules  will  use  a  solid  explosive.  Hercules  has  already  obtained  a  single  pulse  of  25 
kj  using  a  seeded  mixture  of  a  military  explosive  (C-4)  and  cesium.  In  the  field  of  con¬ 
tinuous  combustion  Mill),  the  AFAPL's  high-power  density  combustion  generator 
effort  at  AVCO  has  boon  successfully  completed.  A  specific  power  output  of  0.5  MW/ 
(kg/sec)  (400  kW  output  at  0.8  kg/seo  total  mass  flow)  was  obtained  using  a  seeded 
conventional  hydrocarbon  (toluene )-oxygon  fuel.  In  Mill)  magnet  technologv,  AFAPL 


Tal»l«*  4.  (iurrrnt  Vir  Korn*  Mill)  Kllorl; 


*  available  in  llic  F.Wtrieal  hquipmen!  files  (Jan  1974).  In  some  ,ases.  the  PIC  sheets  have  not 


has  a  program  to  develop  and  test  a  lightweight  (1000  lb).  4  T  superconducting  magnet. 
Superconducting  magnets  were  built  at  the  Magnetic  Corporation  of  America  (MCA) 
and  Ferranti-Packard,  Ltd.  The  MCA  magnet  produced  a  peak  field  of  3.8  T,  hut  the 
problem  of  excessive  conductor  movement  has  not  yet  been  eliminated.  Currently, 
APAFL  has  a  contract  with  MC  '  to  test  the  Ferranti-Packard  magnet. 

Finally,  the  Air  Force  has  a  spectrum  of  research  contracts  in  Mill) 
with  universities  and  research  companies.  These  efforts  are  funded  primarily  by 
AFAPL  and  AF  Office  of  Scientific  Research. 

c.  Navy.  The  Office  of  Naval  Research  (ONR)  has  a  program  in  liquid 
metal  Mill)  for  power  generation.  Currently,  ONR  is  funding  an  effort  at  Argonne 
National  Laboratory  to  design  and  construct  a  two-phase  Mill)  generator;  ONR  is 

also  funding  a  study  on  the  possible  Naval  applications  of  liquid  metal  Mill)  at  Argonne, 
a  liquid  metal  generator  study,  and  an  experimental  study  to  determine  the  feasibility 
of  an  Mill)  laser  at  OF. 

d.  Army.  The  Army  has  a  small  surveillance  program  in  Mill). 

24.  Foreign  Technology.  The  USSR  has  the  largest  MUD  research  program  in 
the  world.  The  Soviets  have  major  efforts  in  three  areas:  open-eyrie  and  closed-cycle 
plasma  Mill),  and  liquid  metal  MUD.  The  largest  effort  has  lieen  in  «|>en-cyolo  Mill) 
and  has  led  to  the  construction  (1971)  in  Moscow  of  a  pilot  MUD  plant  (11-25)  with  a 
power  rating  of  25  MW.  The  1-25  is  being  slowly  brought  up  to  full  power.  Valuable 
data  on  the  service  life  of  the  basic  components  of  Mill)  plants  is  being  obtained.  A 
significant  effort  in  liquid  metal  Mill)  is  the  construction  of  a  model  plant  with  a 
thermal  input  of  300  K.W. 

The  Japanese  have  the  second  largest  MUD  program  in  the  world,  and  their 
major  goal  is  the  building  of  a  complete  model  of  an  open-cycle  power  plant.  A  pre¬ 
vious  effort  has  resulted  in  an  open-cycle  generator  (KTL-Mark-ll)  which  has  produced 
a  mega-watt.  Presently,  a  generator  (KTL-Mark-V)  with  a  siqicrconducting  magnet  and 
a  model  power  plant  (KTL-Mark-VI)  have  been  constructed  and  preliminary  tests  are 
underway.  The  Japanese  have  excellent  capabilities  in  applied  superconductivity  - 
especially  in  materials  and  magnets,  and  they  can  Ik- expected  to  employ  superconduct¬ 
ing  magnets  with  their  Mill)  generators. 

The  Federal  Republic  of  Germany  had  an  extensive  program  in  Mill)  but 
has  recently  terminated  these  efforts  for  economic  reasons.  The  FRG  Government 
felt  that  it  would  be  cheaper  to  buy  the  technology  rather  than  pay  for  the  develop¬ 
ment.  Some  of  the  MUD  workers  are  now  working  on  controlled  fusion;  the  rest  have 
been  scattered  throughout  West  Germany.  Tl «  Italians  are  also  phasing  out  their 


excellent,  but  small,  effort  ill  closed-cycle  Mill)  in  favor  of  fusion  research.  The  French 
effort  in  liquid  metal  Mill)  is  slowly  being  shut  down.  The  only  West  Fairopcansto 
have  a  viable  large  Mill)  effort  at  present  arc  the  Dutch.  They  have  recently  put  an 
open-cycle  plasma  installation  rated  at  5  MW  thermal  input  into  o|ieration.  Other 
Kuropean  countries  with  small  research  efforts  in  Mill)  are  Austria.  Czechoslovakia, 
Poland,  Sweden,  and  Switzerland. 

The  Canadians  are  doing  research  in  non-equilihrium  Mill)  and  are  building 
a  large  thermal  blow-down  experiment  having  a  thermal  input  of  It)  MW'.  They  are 
also  planning  the  development  of  a  small,  open-cycle  facility  (2  MW  electric).  Initially . 
this  facility  will  have  a  conventional  magnet.  Future  plans  call  for  replacing  the  con¬ 
ventional  magnet  with  a  superconducting  magnet.  The  Australians  also  have  a  small 
research  Mill)  effort  at  the  University  of  Sidney. 

25.  Priorities.  Two  classes  of  Mill)  generators  are  attractive  candidates  for 
s|N'cific  military  high-power-supply  requirements.  The  military's  requirement  fora 
lightweight,  multi-megawatt  generator  with  short  duly  cycles  can  he  satisfied  In  an 
open-cycle  combustion  Mill)  generator  with  a  siq>ereouductiiig  channel  magnet.  Such 
a  generator  could  use  a  seeded  conventional  hydrocarbon  fuel  and  gaseous  oxygen  as 
the  oxidizer.  The  Air  Force  has  previously  demonstrated  a  prototv|ie  of  this  variety 
with  a  conventional  channel  magnet.  This  combustion  generator  had  an  output  of 
400  kW  and  an  attractive  specific  power  output  of  0.5  MW/(kg/sco). 

The  military 's  requirement  for  a  pulsed  power  supply  capable  of  supply  ing 
multi-kj  pulses  could  lx*  filled  in  the  future  by  an  explosive  Mill)  generator  with  a 
superconducting  channel  magnet.  The  \ir  Force  has  successfully  demonstrated  an 
explosive  Mill)  generator.  \  solid  explosive  (C-l)  generator  (Hercules)  has  produced 
a  25  k.|  pulse  to  dale.  Multi-shot  capabilities  arc  currently  being  investigated  by 
Hercules. 

The  extensive  \ir  Force  programs  in  Mill)  should  he  closely  monitored. 

The  results  of  their  investigations  could  lead  to  Mill)  generators  suitable  for  Army  re¬ 
quirements  for  high-power,  pulsed  and  continuous  power  supplies. 

VI.  1*1  I.SK  l*<>WF.|{ 

26.  Current  Technology.  Some  weapon  systems  under  current  consideration 
require  high-energy  pulses  of  electrical  energy  .  l  or  this  ly  pc  of  application,  rotating 
machines  arc  generally  not  satisfactory .  In  many  cases,  it  is  not  practical  to  size  a 
machine  for  the  peak  power  required  or  to  design  lor  overload.  In  any  event,  it  is  dif 
ficult  to  supply  pulses  of  1 0s  J  or  greater  having  widths  id <  I  msec  directly  from  the 
machine.  However.  Mill)  generators  offer  this  capability .  (See  Section  \  .)  In  such 


instances,  pulse  production  may  be  obtained  through  discharge  of  circuit  elements. 
Both  capacitors  and  inductors  can  be  used  as  the  energy  storage  element  in  these 
cireuits  and  each  offers  sjH*cial  characteristics. 


At  lower  energy  level  (<  1 0s  J)  and  for  fixed  installations  where  size  (or 
weight)  is  not  of  primary  importance,  capacitors  are  presently  the  best  choice.  Present 
capacitor  devices  offer  energy  densities  of  about  500  kj/m3  or  275  J/kg  for  the  storage 
clement  alone  at  the  5  k  V  level.  In  terms  of  specific  weight,  i.e.,  weight  per  unit 

3kg 

energy  stored,  275  j/kg  is  about  3.6  x  10  —  .  Capacitors  offer  the  advantage  of  rel¬ 


atively  easy  switching  using  previously  developed  techniques.  Low  jitter  spark  gap 
switching  is  presently  available  for  fairly  low  repetition  rates.  For  higher  repetition 
rates,  the  clearing  time  of  the  spark  gap  switch  limits  the  application  to  ~  10  pps. 
Ignitrons  permit  higher  repetition  rates  (*~  400  Hz)  but  are  relatively  expensive  (~  $10k 
not  (‘(Hinting  control  circuits)  and  bulky. 


Although  the  specific  weight  of  capacitors  is  dependent  upon  voltage  level, 
it  is  not  a  function  of  energy  level.  This  can  be  seen  by  noting  that  the  plate  separation 
is  determined  by  breakdown  strength;  thus  both  the  energy  stored  and  the  weight  are 
proportional  to  plate  area  and,  therefore,  specific  weight  is  constant  to  a  first  approxi¬ 
mation.  For  inductors,  however,  the  weight  is  approximately  proprotional  to  the 
number  of  turns  as  is  the  field  strength.  Since  the  stored  energy  is  proportional  to  the 
square  of  the  field,  the  specific  weight  is  inversely  proprotional  to  the  number  of  turns. 
Therefore,  the  specific  weight  is  inversely  proportional  to  the  square  root  of  the  energy. 
This  reasoning  is  borne  out  by  the  energy-weight  relationships  for  existing  systems: 
typical  values  arc  ~  2  to  3  x  102  kg/MJ  (coil  and  structure)  at  the  1  MJ  level,  decreas¬ 
ing  with  increasing  energy. 


The  favorable  specific  weights  for  inductors  indicated  above  arc  promising: 
however,  utilization  at  present  is  limited  for  several  reasons.  The  use  of  inductors  to 
supply  pidses  of  power  at  high  energy  levels  requires  opening  a  high-current  switch 
in  an  inductive  circuit.  No  suitable  solid-state  switches  are  presently  available.  High 
voltagc/high  current  mechanical  switches  have  Ih*cii  used  as  interrupters  but  are  de¬ 
signed  for  use  in  ac  lines  where  a  ‘'natural”  current-zero  will  occur  within  Vi  cycle. 

To  use  similar  switches  for  the  dc  application  entails  the  addition  of  a  counter  pulse 
circuit  to  force  a  current-zero  in  order  to  avoid  high  losses  in  the  switch.  Such  circuits 
require  capacitive  storage  of  a  percentage  of  the  total  system  energy  :  this  depends  on 
system  energy  level  but  is  estimated  at  ~  It V.f  for  the  megajoule  level.  Some  schemes 
would  allow  recovery  of  this  energy  in  the  load. 


Mechanical  stress  will  he  a  significant  consideration  in  any  high-energy  sys¬ 
tem  in  the  range  of  interest.  In  this  respect,  both  capacitive  and  inductive  storage 
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share  similar  problems.  The  high  electromagnetic  fields  assoeiated  with  these  elements 
and  with  the  transmission  of  large  eurrenls  at  Ini'll  voltages  exert  large  forces  on  tin- 
leads  and  support  structure  as  well  as  on  the  elements  themselves.  It  is  also  possible 
for  lion-negligible  forces  to  lie  exerted  on  surrounding  materials.  An  estimate  for  a 
particular  solenoid  storing  ~  10s  J  indicates  (under  static  conditions)  stresses  on  the 
order  of  the  yield  strength  of  eop|H-r  (a  major  constituent  of  some  conductors).  The 
problems  of  winding  movement  and  similar  effects  can  Ik-  minimized  at  the  expense 
of  system  weight  by  careful  design. 

Superconducting  inductors  have  generally  Im-cii  maintained  Im-Iow  (be  super 
conducting  transition  temperature  by  immersion  in  a  bath  of  helium  liquid.  Sm  h  a 
technique  is  convenient  for  some  purposes,  but  integrated  refrigeration  is  more  de¬ 
sirable  from  an  efficiency  standpoint  as  well  as  from  a  consideration  of  the  difficulties 
inherent  in  making  a  two-phase  system  a  self-contained  unit  while  retaining  mobility. 
Cryogenic  refrigerators  are  available,  but  some  development  is  necessary  to  make  them 
sufficiently  mobile  and  reliable  for  field  use.  (See  Section  VIII.) 

Great  progress  has  Im-cii  made  in  materials  development  in  the  decade  since 
the  first  high-field  superconductors  were  discovered.  Materials  are  now  available  which 
remain  superconducting  during  charge  or  discharge  rates  of  ."j  to  10  T/scc.  Such  ma¬ 
terial  ap|K-ars  to  Ik-  marginal,  at  Ik-s(,  for  pulse  rates  of  o/see,  assuming  deep  discharge. 
Improvements  in  materials  with  the  goal  of  practical  application  are  required.  (Set- 
Section  II.) 

Voltages  of  the  order  of  10’s  to  100’s  of  kV  will  be  devclo|M-d  across  the 
storage  element  during  discharge.  Insulation  capable  of  withstanding  this  voltage  at 
low  temperature  is  required. 

The  external  field  of  an  inductor  in  a  solenoid  configuration  is  quite  high: 
this  presents  a  probl'-m  in  shielding  neighboring  equipment.  Even  if  no  electronic 
equipment  is  located  nearby  ,  the  surrounding  metal  structures  can  be  subjected  to 
significant  forces  by  the  magnetic  field.  \  shield  would  therefore  Ik-  required  for  many 
applications.  Active  shielding  seems  to  be  a  possible  method  of  accomplishing  this. 

\n  inherently  low  external  field  can  Ik-  achieved  with  a  toroidal  configuration;  this 
would  considerah!,  reduce  the  shield  required.  For  convenience  of  construction,  a 
torus  can  be  approximated  as  closely  as  desired  by  pancake  or  short,  cylindrical  seg¬ 
ments.  Other  configurations  with  low  field  at  a  distance  are  also  possible. 

The  preceding  discussion  has  been  devoted  principally  to  high-energy  pulses. 
For  systems  requiring  lower  energy  pulses  at  the  same-  average  throughput  of  power, 
different  techniques  may  Ik-  used.  Pulsed  Mill),  for  example,  appears  attractive  for 
pulse  energies  in  the  10's  of  kj  and  repetition  rates  in  tin-  l()2  llz  range  (see  .Section  \  ). 


More  conventional  techniques  an*  based  on  (fir  use  of  a  pulse- forming  ml  work  (PFN) 
led  by  a  voltaic  or  a  current  source.  Some  form  of  energy  buffer.  for  example,  an  in- 
tluelor  or  a  flywheel-generator  combination.  mas  he  used  to  ease  the  demand  on  the 
sou ree  of  prime  mover.  Flywheel  technology,  in  particular,  has  Iteen  investigated  for 
transportation  systems.  Consideration  has  Im  cii  given  to  the  use  of  the  field  windings 
of  generators  (Mill),  especially)  as  an  inductive  portion  of  the  PFN. 

27.  Limitations.  Principal  limitations  of  existing  capacitor  hanks  ami  normal 
machinery  arc  related  to  size  and  weight.  In  addition,  tin  nil  in  her  of  components 
required  may  In’  large,  adding  to  the  complexity  and  reducing  the  reliability  of  the 
system.  Capacitors  themselves  arc  limited  by  achieved  energy  density.  Systems  using 
capacitors  moreover  require  either  the  production  of  high  voltages  for  charging  or  a 
large  number  of  switch  elements.  It  apficars,  however,  that  an  inductive  system  can 
lie  made  in  a  reasonable  size-weight  configuration  for  the  application  and  that  the 
unrulier  of  circuit  components  could  be  reduced  as  compared  to  an  equivalent  capa¬ 
citor  wAtm  TJw  limitations  to  such  an  inductive  system  are  in  the  switchgear  and  in 
cooling  the  energy -storage  device.  High  voltage/high  current  switching  is  being  de¬ 
veloped  as  is  refrigeration,  but  improvements  in  reliability  and  capacity  are  essential. 
Vuf  superconducting  inductor*,  material  prupertie*  impuac  special  limitations  -  tur 
example,  the  maximum  dll/dt  which  can  In*  tolerated. 

28.  Pacing  Problems.  The  development  of  reliable  refrigeration  for  use  in  the 
field  will  lie  a  controlling  factor  in  the  development  of  systems  utilizing  superconduct¬ 
ing  or  cryogenic  devices.  Capacitor  development  to  increase  energy  density  will  control 
capacitor-based  systems.  Refinement  of  switching  systems  will  he  necessary  in  either 
ease,  hut  for  low-repetition  rates  solutions  appear  to  Ik-  available. 

29.  Current  Programs.  Air  Force  (Aero  Propulsion  Lab,  Wright -Patterson  Air 
Force  Rase)  (WPAFR)  has  several  programs  underway  at  this  time  relating  to  indurlive- 
cncrgy  storage.  In  FY’s  71  and  72,  contracts  with  AVCO  and  Magnetic  Corporation 
of  America  (MCA)  for  inductive-energy  storage  investigations  totalled  $389. 2k.  This 
led  to  the  FY  73  contract  with  MCA  for  SI77K  to  build  the  100  kj,  3  pps  coil.  Addi¬ 
tional  contracts  with  Westinghoiise  ($l54k,  FY  73).  MCA  ($26K.  FY  73).  Hughes 
(SI45K,  FY  73).  and  Purdue  ($I7K,  FY73)  treat  the  switching  problem  separately. 

NASA- Lewis  has  programs  m  capacitor  improvement,  notahly  for  liigli- 
energy-density.  thin-film  capacitors  and  polycarbonate  capacitors.  Army  (MKRI)C) 
lias  shown  that  some  improvements  in  V  A  rating  are  possible  using  heal  pijw*  cooling. 

Ill  industry,  Lawless  at  Corning  Class  has  shown  high-energy-density  storage  to  he 
possible  at  77  k  using  Corning  tilaualc -glass-ceramic  materials.  In  addition,  increased 
energy  density  appears  possilde  through  development  of  carbon  capacitors. 
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Tin-  Firm  h  have  an  active  program  for  investigating  superconducting, 
inductive-energy  storage  and  have  made  muiic  pivgrcss  as  evidenced  li\  publications  ill 
t h«‘  open  literature. 

Publications  by  Soviet  blue  scicnti  Is  indicate  considerable  interest  in  induc¬ 
tive  storage  and  pulse  production.  The  extent  of  the  program  is  not  known. 

VII.  supekconihjctinc  materials 

30.  Current  Technology  .  Currently ,  there  are  several  alloy  s  used  to  make  com¬ 
mercial  superconductors.  The  most  common  are  niobium  titanium  (NbTi)  and  niobi¬ 
um  tin  (MijSri)  which  arc  integrated  in  a  matrix  of  a  good  normal  conduetor,  usually 
copper.  \ii  enlargement  of  the  cross  section  of  a  ty  pical  conductor  is  shown  in  Fig.  6. 
This  matrix  is  essential  to  produce  a  stable,  current -carry  ing  wire.  Each  superconductor 
has  intrinsic  limitations  in  magnetic  field  and  in  temperature.  The  magnetic  field  limi¬ 
tation  is  called  the  critical  field.  If  a  superconductor  is  subject  to  a  magnetic  field 
greater  than  its  critical  field,  it  will  become  a  normal  conductor.  The  temperature 
limitation  is  called  the  critical  temperature,  and  above  this  tcm|>craturc  a  supercon¬ 
ductor  reverts  to  its  normal  conducting  state. 

Niobium  titanium,  which  has  a  critical  temperature  of  I0°K  iml  a  critical 
field  of  13  T  (120  kilogauss).  has  the  advantage  of  being  very  ductile  so  that  fabrica¬ 
tion  is  easier  and  the  superconductor  chca|icr.  Reducing  the  size  of  the  current-carry¬ 
ing,  superconducting  filament  reduces  hysteresis  losses  and  thus  lead*  to  more  stable 
characteristics  under  transient  field  conditions.  Because  of  its  high  ductility  ,  NbTi  can 
he  easily  manufactured  in  multi-filament  conductors.  These  are  wires  with  many  small 
superconducting  filaments  imbedded  in  a  matrix  of  copper.  The  NbTi  filaments  have 
diameters  typically  in  the  range  of  I  to  30  microns,  anil  over  1000  filaments  can  lx* 
incorporated  in  one  wire  approximately  0.01. A  inch  in  diameter.  In  the  most  recent 
materials,  these  filaments  are  twisted  inside  the  matrix  so  that  they  spiral  along  the 
length  of  the  conductor  with  a  twist  pitch  of  I  to  It)  |mt  inch. 

Twisting  is  cs|iccially  important  in  applications  involving  large  transient  mag¬ 
netic  fields  because  it  eliminates  induced  cross  currents  flowing  in  the  matrix  between 
filaments.  A  matrix  of  relatively  high  resistivity  copper-nickel  alloy  (cupronickel)  is 
sometimes  used  to  impede  these  cross  currents.  Typical  matrix  to  supcrcon  luctor 
ratios  are  between  I  to  I  and  2  to  I .  The  major  disadvantage  of  NbTi  :s  that  it  has  a 
much  lower  critical  field  than  Nb3Sn  which  must  be  used  in  high  field  -pplications. 

Niobium  tin  which  has  a  critical  temperature  of  IB°K  and  a  critical  field  of 
23  T  is  used  in  applications  where  fields  of  7  T  or  more  are  required.  However,  NbjSn 
is  extremely  brittle  and  cannot  be  drawn  into  wire  form.  Currently,  NbjSi  is  available 
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only  in  rectangular  cross  section  tape  or  ribbon.  This  ribbon  consists  of  a  deposit  of 
Nb3Sn  a  few  microns  thick  laid  on  a  metallic  substrate  with  a  normal  stabilizer  as  the 
outside  layer.  This  construction  allows  the  composite  to  be  bent  without  damaging 
the  superconductor.  Coils  made  Iron  Nb3Sn  tape  are  usually  of  the  pancake  variety. 

A  pancake  is  simply  a  length  of  tape  wound  on  a  spool  just  as  a  roll  of  scotch  tape. 
Many  of  these  pancakes  are  stacked  on  top  of  one  another  and  connected  in  series  to 
make  a  solenoid.  Solenoids  made  from  Nb3Sn  tapes  have  good  high-field  performance; 
but,  not  having  the  advantages  of  small  filamentary  twisted  conductors,  their  transient- 
field  behavior  is  generally  not  as  good  as  that  of  NhTi. 

A  vanadium  -  gallium  alloy,  V3(ia,  is  the  most  recent  commercially  avail¬ 
able  superconductor  and  has  even  better  high-field  performance  than  Nb3Sn.  It  is  also 
very  brittle  and  thus  available  only  in  ribbon  form.  Since  it  is  relatively  new  on  the 
market,  V3Ca  has  not  been  used  in  many  applications. 

Recently  (1973)  a  new  record  high  critical  temperature  of  23.2°K.  was  re¬ 
ported  for  an  alloy  of  niobium  and  germanium  (Nb3Ge).  Even  though  it  is  not  pres¬ 
ently  known  that  this  material  will  be  commercially  practical,  its  discovery  represents 
a  significant  advancement  since  its  critical  temperature  is  almost  3  degrees  above  the 
boiling  point  of  hydrogen.  This  means  that  future  applications  of  Nb3Ge  could  utilize 
liquid  hydrogen  as  a  coolant  rather  than  liquid  helium.  Nb3Ge  also  has  outstanding 
high  magnetic  field  characteristics. 

31.  Limitations  of  Existing  Technology.  Present  superconducting  materials  are 
severely  limited  by  their  operational  temperature  which  is  less  than  9°K  for  NbTi  and 
18°K  for  Nb3Sn. " 

There  are  several  other  limitations  for  practical  superconductors.  Niobium- 
titanium  filaments  can  presently  be  no  smaller  than  a  few  microns,  and  there  is  a 
coupling  limitation  on  the  uuml>cr  of  filaments  in  a  composite.  Twist  rates  cannot  ex¬ 
ceed  10  twists/inch  due  to  material  strength.  In  practical  applications,  NbTi  is  also 
limited  to  magnetic  fields  below  approximate!)  7  T.  Above  this  field,  superconducting 
NbTi  has  a  low  current  density. 

Due  to  brittleness,  Nl»3Sn  and  V3Ga  cannot  at  this  time  be  commercially 
produced  in  the  form  of  wires.  This  is  a  very  severe  limitation  for  if  these  alloys  could 
be  manufactured  in  wire  form  they  would  offer  the  advantage  of  a  high-field,  high- 
current  density  conductor  with  the  transient-field  advantages  of  twisted,  multifilament 
conductors.  The  higher  operating  temperature  of  Nb3Sn  greatly  reduces  the  problem 
of  removing  the  heat  generated  in  coils. 
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32.  Technical  Forecast.  Several  American  companies  have  current  research  pro¬ 
grams  aimed  at  a  flexible  wire  conductor  of  Nb3Sn,  and  development  is  possible  in  the 
next  few  years. 

There  is  considerable  effort  in  the  development  of  higher  temperature  super¬ 
conductors.  This  work  is  performed  in  many  countries,  in  universities,  industry,  and 
government.  There  are  no  indications  of  major  breakthroughs  in  the  foreseeable  future. 

New  conductors  with  smaller  and  thus  more  superconducting  filaments  of 
NbTi  have  appeared  on  the  market  the  last  few  years  and  this  trend  is  likely  to  continue. 

A  Japanese*  Company  has  recently  marketed  V3(Ja  in  ribbon  form.  This 
material  is  useful  in  coils  which  generate  over  10  T  and  its  use  is  likely  to  increase  in 
the  future,  especially  if  multifilament  wires  can  be  eoimncTcially  produced  at  a  com¬ 
petitive  price.  Small  lengths  of  multifilament  Y,Ca  have  been  produced  in  the  labora¬ 
tory  by  a  new  solid-state  diffusion  process. 

There  is  some  interest  in  the  development  of  high-ficld  superconductors  of 
alloys  in  porous  glass.  Although  some  success  has  been  cx|M*rienccd.  it  is  very  question¬ 
able  that  these*  materials  will  Is-  able  to  compete  with  the  more  established  supercon¬ 
ductors  in  the  near  future. 

Other  materials  with  potential  future  use*  in  superconducting  coils  are  Nb3 
(Al.osGt'.os)  an<l  N1>A13,  both  brittle  compounds,  and  the*  proprietary  alloy  of 
NbTi-Ilf  which  can  be  easily  drawn  into  wire  form. 

33.  Current  Programs.  While  there  are  many  IH)D  sponsored  programs  in  the 
field  of  superconductivity,  there  is  currently  very  little*  effort  dire*cte*d  toward  the 
development  or  improvement  of  superconducting  materials. 

The  following  American  Companies  are  engaged  in  research,  development, 
and  production  of  high-field  superconductors: 

Norton  Co.,  Snpcrcon  Division:  NbTi  single-  ami  multi-filament  copper 
stabilized  conductors,  lip  to  400  filaments/. •emductor.  Filament  diameter  .0005  in. 
twisted  or  untwisted. 

Magnetic  Corporation  of  Arne/ica:  NbTi  alloy  cmlieddcd  in  high-conduc¬ 
tivity  copper.  Single  and  multi  idamer.t  conductors  up  to  360  tilamcnls/conductor, 
twisted  I -5/inch  or  untwisted.  The;,  also  have  a  research  program  in  multifilament 
Nb3Sn  composite  conductors. 
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Intermagnetics  General  Corp:  Nb3Sn  tape  for  lugh-magnetic-field  applica¬ 
tions.  The  tape  consists  of  a  niohiinn-tin  strip  bonded  to  strips  of  copper,  if  greater 
strength  is  needed,  staiidess  steel  strips  can  i>e  laminated  to  the  conductor. 

New  development  in  which  Nh3Sn  is  clad  with  very  high  purity  aluminum. 
This  also  includes  a  stainless-steel  member.  This  is  the  only  American  based  company 
presently  marketing  Nh3Sn  conductors  and  they  have  a  research  program  in  Nb3Sn 
multifilament  composite  conductors. 

Supertechnology  Corporation:  NbTi  single-  and  multi-filament  copper 
cladded  conductors.  Up  to  20  filaments/conductor  twisted  or  untwisted  are  available. 
This  is  a  very  small  company  with  limited  resources. 

Brookhaven  National  Laboratory:  Considerable  R&l)  on  superconducting 
materials  has  been  done  in-house  and  on  contract.  Small  lengths  of  multi-filament 
V3(ia  and  Nb3Sn  have  been  prepared  and  tested  at  BNL. 

34.  Foreign  Programs.  Foreign  programs  are  as  follows: 

Great  Britain:  Great  Britain  has  a  very  advanced  and  versaJi'e  program  in 
NbTi  wires.  Imperial  Metal  Industries  (IMI)  in  conjunction  with  the  Rutherford  High 
Energy  Laboratory  are  continually  developing  improved  materials  for  alternating 
current  applications.  They  were  pioneers  in  the  concept  of  filament  twisting  to  im¬ 
prove  ac  characteristics.  Currently,  a  wide  variety  of  NbTi  conductors  are  available 
from  IMI.  A  cupronickel  lining  is  applied  around  each  filament  to  impede  cross 
currents,  and  coil  protection  is  provided  by  incorporating  copper  in  the  matrix.  Con¬ 
ductors  are  produced  with  filaments  as  small  as  10  microns;  the  number  of  filaments 
per  conductor  ranges  from  61  to  1045;  and  there  has  been  limited  production  of  a 
9000-filament  conductor.  The  twist  rate  varies  with  the  application. - 

Japan:  Several  Japanese  companies  produce  superconducting  materials  for 
high-field  applications.  NbTi  superconducting  wire  is  produced  in  single-  and  multi¬ 
filament  form  with  copper  cladding.  The  Japanese  are  also  doing  developmental  work 
in  a  proprietary  NbTi- 1  If  alloy  and  in  Nb3Sn  conductors.  A  tape  of  V3Ga  is  produced 
in  Japan  and  is  the  only  V3Ga  conductor  commercially  available  in  the  world. 

Canada:  The  Canada  Superconductor  and  Cryogenics  Company  Limited 
(CSCC)  has  acquired  the  complete  production  facility  formerly  owned  by  RCA  Cor¬ 
poration.  They  produce  a  wide  variety  of  vapor  deposited  niobium-tin  ribbon  includ¬ 
ing  very-high-current-capacity  conductors. 
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USSR:  TIm*  standard  superconducting  material  in  the  Soviet  Union  is  NIiTi. 
It  is  produced  in  single-  and  multi-rilament  of  np  to  400  filarnents/eonduetor  and  is 
eopjMT  eladded.  Although  Nb3Sn  conductors  are  available,  they  are  not  being  pro¬ 
dueed  on  a  large  seale.  According  to  available  information,  the  USSR  !Nb3Sn  ribbon 
is  similar  to  that  produced  in  the  Western  World.  The  Soviets  aie  inti  rested  in  V3CIa 
but  apparently  produce  none  of  their  own. 

35.  Priorities.  Applications  of  superconductivity  such  as  electrical  machinery 
and  energy  storage  in  superconducting  coils  greatly  Innefil  from  research  programs, 
cither  to  discover  new  materials  with  improved  performance  or  to  modify  existing 
materials  so  that  their  performance  is  improved. 

Of  the  existing  R»X1)  programs,  the  efforts  to  produce  NI»3Sn  and  V30a 
multi-filament  wire  promise  to  have  the  most  immediate  impact  on  superconducting 
technology.  Presently,  two  American  Companies  —  Magnetic  Corp.  of  America  and 
In’.ermagnctics  General  Corp.  —  have  research  programs  investigating  Nb3Sn  multi- 
filament  conductors.  Roth  of  the  companies  are  technically  competent,  but  they 
are  small  and  it  is  doubtful  they  can  bear  the  entire  cost  of  the  research.  Many  foreign 
manufacturers,  however,  we  generously  subsidized  by  their  respective  governments 
in  support  of  high-risk  industrial  efforts.  This  allows  these  manufacturers  to  maintain 
a  high  level  of  effort  thus  increasing  the  likelihood  of  discovering  new  materials  or 
methods.  The  outcome  of  this  situation  could  he  to  put  the  United  States  in  a  posi¬ 
tion  of  lagging  behind  many  foreign  countries  in  the  development  of  superconducting 
materials;  and,  as  the  market  for  these  materials  increases,  we  would  become  depen¬ 
dent  on  foreign  countries  for  our  supply  of  the  materials. 

Rased  on  recent  laboratory  success,  there  is  little  doubt  that  with  sufficient 
funding  (several  hundred  thousand  dollars/year)  a  successful  program  to  develop 
commercial  multi-filament  Nb3Sn  type  superconductors  could  he  established  by  any 
one  of  several  American  companies  within  I  or  2  years. 

Mil.  HKMl  M  RKFRKIKRATION  TKCHNOIdKiA 

36.  Current  Technology.  The  scope  of  cryogenic  machinery  in  use  today  is 
extensive  including  such  commercial  applications  as  food  processing  and  the  produc¬ 
tion  of  liquid  natural  gas.  The  hulk  of  these  cryogenic  cooling  applications  is  at  tem¬ 
peratures  where  the  use  of  Indium  is  not  mandatory,  and  helium  is  generally  not  used. 
For  superconducting  applications  Indium  temperature  refrigeration  is  mandatorv 
where,  in  the  present  context,  helium  temperature  refrigeration  will  be  understood  to 
be  refrigeration  at  temperatures  below  the  boiling  point  of  hydrogen:  20.4  K.  A  dis¬ 
tinction  w  ill  he  made  between  liquefiers  and  refrigerators.  A  liqueficr  is  a  machine 
that  produces  liquid  he  lium  (for  any  purpose)  while  a  Indium  refrigerator  is  a  machine 
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(hat  maintains  sonir  item  (e.g..  a  superconducting  winding)  at  a  temperature  below 
20  K  with  or  without  tin*  production  of  a  liquid.  This  distinction  will  assume  added 
importance  as  superconducting  materials  near  10  k  become  available  for  practical  de¬ 
signs.  A  typical  refrigerator  schematic  for  high-current  power  applications  is  shown  in 
Fig.  7. 
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Fig.  7.  \  t \  picul  refrigerator  schematic  for  high-current  (lower  applications. 

Considerable  experience  is  available  on  helium  liquefiers  for  low-temperature 
research  and  for  cooling,  in  a  liquid  hath,  of  large  superconducting  magnets  being  used 
in  high-field  research.  The  liquefier  technology  provides  a  solid  basis  for  present  high- 
reliability  refrigerator  development  work.  Present-day  helium  refrigerators  are  used  in 
a  variety  of  applications  such  as  vacuum  chambers  for  space  simulation,  and  there  is 


ill  Teasing  devclopm  Tit  activity.  However,  at  |in‘sent.  reliable  helium  refrigeration  for 
the  load  profiles  characteristic  of  superconducting  power  equipment  is  not  available. 

37.  Limitations  of  Existing  Technology .  Military  refrigeration  equipment  lor 
pulsed  superconducting  coils.  Mill)  magnets,  or  rotating  energy  converters  using  super¬ 
conducting  excitation  will  have  special  requirements.  It  is  in  the  area  of  engineering 
for  military  requirements  that  many  limitations  exist  (c.g..  compressor  technology, 
transportability,  filial  heat  rejection  to  air).  Equipment  must  be  mobile  and  reliable, 
without  the  need  for  complex  field  maintenance.  Integration  of  the  design  of  the 
refrigerator  with  the  equipment  being  cooled  will  be  essential  to  meeting  military 
needs;  however,  little,  if  any ,  cx|ieriencc  is  available  in  the  area  of  integration.  For 
the  majority  of  applications  where  high  current  must  he  conducted  to  a  low-tempera¬ 
ture  region,  integration  of  equipment  w  Inch  allows  interception  of  thermal  loads  at 
intermediate  t.  nqicraturcs  will  be  important  to  size  ami  efficiency.  Factors  of  .">  to  10 
are  involved  as  regards  bulk  and  power  input.  (!ool-dowu  times  and  overload  perfor¬ 
mance  of  such  systems  cannot  be  easily  estimated  and  design  procedures  need  to  be 
develo|M‘d. 

Size,  weight,  or  input  power  of  refrigeration  equipment  may  offset  the  ad¬ 
vantage  of  using  cryogenics  in  some  cases.  Existing  refrigerators  having  their  main  load 
at  4..’>  k  can  be  roughly  sized  using  the  following  rules: 

a.  100  kg/walt  refrigeration. 

b.  0.13  cubic  meter/watt  refrigeration. 

e.  Input  power  approximately  1000  \\  per  W  of  refrigeration.  Since  cool¬ 
down  time  restrictions,  heat  rejection  tcnqieraturc.  reliability  requirements,  and  upper 
stage  loads  can  result  in  order  of  magnitude  errors,  the  above  rules  should  l>c  applied 
with  caution.  In  many  applications,  it  w  ill  be  possible  to  circumvent  apparent  size  and 
efficiencv  limitations  when  integrated  design  procedures  are  developed. 

Vnothcr  current  limitation  is  reliability.  IVesent  technology  is  based  on 
minimum  capital  cost  for  lixed-sitc  installation.  The  primary  application  of  the 
refrigerators  is  in  high-tcclmologv  environments  where  regular  maintenance  is  almost 
universally  performed  in  an  expert  manner,  and  continuous  operation  of  equipment 
is  not  essential.  For  these  reasons,  components  suitable  lor  long-life  and  reliable  field 
refrigerators  have  not  been  needed  and  have  not  been  developed.  Military  develop¬ 
ment  support  is  required  to  fulfill  the  special  military  needs  for  transportability  .  long 
life,  and  low  maintenance. 


38.  Pacing  Problems.  There  is  no  single  paramount  problem  inq>cdiug  develop¬ 
ment  of  refrigerators  to  meet  Army  requirements:  indeed,  there  appear  to  be  several 
viable  alternative  approaches.  However,  effort  will  have  to  be  expended  to  uncover 
and  solve  a  myriad  of  problems  caused  by  (lit"  specific  needs  of  the  military.  Impor¬ 
tant  areas  in  which  exploratory  development  is  needed  are  integration  of  refrigeration 
equipment  into  overall  designs:  provisions  for  upper  stage  loads  and  transient  loads: 
and  development  of  compact,  reliable  components  for  long-term  o|ieralinu  with  mini¬ 
mum  maintenance.  Ambient  temperature  helium  compressors  represent  the  compo¬ 
nent  area  most  in  need  of  development.  The  compressor  and  associated  heal  rejection 
equipment  account  for  a  large  part  of  the  bulk  of  the  entire  refrigeration  system.  Piston 
compressors  are  commonly  used  and  are  bulky.  Nun-lubricated  piston  compressors 
have  a  mean  time  between  maintenance  (MTIIM)  of  about  2500  hours,  while  labyrinth 
seal  oil  lubricated  compressors  have  about  8000  hours  MTItM.  To  meet  size  and 
weight  requirements  for  military  applications,  more  compact  compressors  will  be 
needed.  I)c|icnding  on  power  level,  helical  screw  compressors  and  turbomaebine  com¬ 
pressors  have  to  be  evaluated.  Screw  compressors  are  extrapolated  to  operate  40.000 
hours  MTItM.  and  lurhomachincry  combines  compactness  with  potential  reliability. 

39.  Technology  Forecast.  Applied  siqierconductivity  is  rapidly  coming  of  age. 
bringing  with  it  the  need  for  helium  refrigeration  technology.  During  the  next  decade, 
the  commercial  pressure  to  improve  existing  equipment,  introduce  new  items,  ami 
realize  cost  savings  will  accelerate  the  introduction  of  superconductivity  and  the  pace 
of  refrigerator  development.  Superconducting  systems  will  be  designed  to  operate  at 
temperatures  above  the  critical  point  of  liquid  helium,  and  integrated  refrigeration  will 
replace  tanked  ervogens  within  10  to  1 2  years. 

40.  Current  1)01)  Programs.  The  discussion  will  be  limited  to  helium  refrigera¬ 
tion  as  defined  in  paragraph  36  and  will  not  treat  higher  temperature  cryogenic  cooling 
of  sensors.  The  \rmy  at  MKKDC  has  an  ongoing  program  of  lurhomachincry  develop¬ 
ment  for  helium  refrigeration,  started  in  I960,  with  a  total  funding  level  to  date  of 
SI. 000k.  Other  \rniy  interest  has  been  limited  to  classified  paper  studies  of  helium 
o-fri^euUuu  applied  la  special  uuu^wuiut  <tpupn¥-ut  Thr  Yiuy  yiwmnl  4uu  UuUr4n 
Covcrnmcnl  conference  on  cryogenic  refrigeration  in  \pril  1972  to  discuss  their  needs 
and  to  announce  an  intention  to  start  a  refrigerator  program.  Such  work  is  an  essential 
part  of  the  Navy 's  planned  development  of  superconducting  electric  drives  for  ships' 
propulsion.  \n  in-house  effort  is  now  in  progress  at  NKI.aml  MIS.  \RP  \  has  initiated 
a  program  with  Ccucral  Kleelrie  which,  to  date,  has  been  limited  to  a  paper  study  and 
which  will  support  the  Navy  s  plans  in  supereondm  ling  machinery .  Initial  reports  are 
not  vet  available.  The  \ir  Force  is  sponsoring  low-power  helium  refrigeration  work 

for  unattended  sensor  applications.  The  \ir  Force  work  includes  \  uilleumier  develop¬ 
ment  by  Hughes  and  North  \mcricau  Philips;  rotary  free  piston  development  by 
\rthur  I).  I.ittle:  ami  lurhomachincry  development  at  Ccucral  Kleelrie.  The  latter 
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effort  is  being  terminated,  after  ail  expenditure  of  $2000k,  apparently  due  to  funding 
limitations.  It  is  understood  that  plans  have  been  made  for  in-house  eompietion  and 
evaluation  of  this  equipment,  including  low-temperature  tests. 

41.  Other  Programs.  MIS  lias  an  ongoing  in-house  effort  in  helium  refrigeration 
as  well  as  a  substantial  background  in  hydrogen  work.  Both  Kngland  and  Japan  have 
reported  work  on  turboexpanders  for  helium  refrigeration  in  the  open  literature;  how¬ 
ever,  the  details  of  their  current  refrigeration  development  programs  are  not  known. 
The  British  Navv  has  reported  in-house  work  on  a  multi-stage  regenerative  turbocoin- 
pressor  for  helium  using  a  single  wheel.  The  present  stale  of  this  development  is  not 
known. 

42.  Priorities. 

a.  Include  integrated  refrigeration  in  future  superconducting  equipment 
development. 

h.  Build  a  system  to  provide  o|icrating  experience  with  turborefrigeratiou 
component  and  intermittent  loads  and  heavy  upper  stage  loads. 

e.  f  und  component  development  of  ambient  temperature  helium  com¬ 
pressor  equipment. 

d.  Develop  refrigerator  interface  and  heat-transfer  techniques  for  vapor 
cooling  of  superconducting  windings. 


